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ABSTRACT
A wind-resource analysis was undertaken on the Connecticut College campus to augment
the preliminary wind-power feasibility study conducted by Global Energy Concepts (GEC) in
2006. Based largely on modeled wind speeds, this earlier study concluded that wind resources at
the college were insufficient to generate large amounts of electrical energy given the small-scale
turbine believed to be suited to the campus’s available land. In the current wind-resource
analysis, rather than using modeled values, on-site wind measurements were made over the
course of a year and extrapolated to the hub heights of various turbines. These extrapolations
suggest that the mean annual wind speed on campus, due partly to a favorable hill-acceleration
effect, may be at least 5.2 m/s at a height of 35 m above ground level, which is 6% greater than
the mean wind speed that GEC estimated. Moreover, when a wind turbine sited in the college’s
extensive arboretum is considered, much larger-scale projects become possible. These entail
higher hub heights and therefore the capture of faster, more energy-dense wind. The current
study found that, even allowing for large uncertainties in the wind-resource calculations, a
commercial-sized turbine built at high elevation in the arboretum may be able to produce enough
electrical power to meet a substantial proportion of the school’s total electrical energy needs.
Because of the many acres of woodland surrounding such a turbine, its visual and acoustic
effects on its neighbors may be within acceptable limits. The study results need to be verified,
however, and air turbulence over the forest is another issue requiring further investigation.
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INTRODUCTION
Connecticut College has long been a leader among colleges and universities in its
environmental concern and stewardship, so developing renewable energy on its campus is an
important objective within the college community. In 2009 a group of seven students installed
two wind-monitoring masts on campus with the goal of empirically measuring the college’s wind
resources. The purpose of the study reported here was to use that campus wind data, collected
over a full year, to determine if the wind at Connecticut College contains enough power to make
it a significant source of energy for the school. It was hypothesized that, because of the wind
enhancements associated with the college’s hilltop location, wind resources would be sufficient
to consider wind energy a viable option.
This hypothesis is not corroborated by lower-resolution wind maps for Connecticut, such
as the map in Figure 1, which is at a height of 50 m above ground level. It shows that outstanding
wind resources exist at this elevation not far off the southeastern shore in Block Island Sound.
However, as one approaches the coastline and begins to travel inland, average annual wind speed
steadily diminishes. New London is right at the point on this map where mean wind strength is
said to become marginal for wind-power projects. But a map like this one, which has a very
coarse resolution, cannot tell the whole story. It misses important details, such as the fact that
Connecticut College is located on one of the highest hills in the New London area, and hills are
known to increase wind speeds by potentially very significant amounts (Taylor & Teunissen,
1987; Salmon et al., 1988). Moreover, a height of 50 m is considered relatively low by the
standards of modern commercial wind turbines, the rotor hubs of which are now usually at 80.m
or higher. These higher hub heights enable the capture of much stronger winds aloft, which in
turn increases an area’s wind-power potential. In fact, the estimated wind-power potential of the
United States as a whole has tripled in recent years mainly because larger turbines are used in the
5

calculations (NREL, 2010). Thus, the assessment of Connecticut College’s wind resources would
be even more favorable if a location could be found on campus where a taller, more powerful
turbine might be sited.

Figure 1. A low-resolution, 50-m, wind-power map for the state of Connecticut.

Background: The GEC Study
The installation of wind-monitoring masts at Connecticut College was partly in response
to a preliminary wind-feasibility study conducted in 2006 by Global Energy Concepts (GEC), a
consulting firm in the wind-energy industry. The major goals of that study were twofold: (1) to
determine the maximum-size wind turbine compatible with available land on the college’s 750acre campus, and (2) to estimate the range of wind resources available to power a turbine. The
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GEC report concluded that a 100-kW turbine is the largest size that the main campus can
accommodate given its current and future-planned land uses as well as the need for adequate
turbine setbacks from property lines and buildings. The GEC study also concluded that, while
good wind resources are available on the college’s campus during late fall, winter, and early
spring, overall the wind resources are marginal for generating electrical power. A rough estimate
was that a 100-kW turbine could meet less than 1% of the college’s total demand for electrical
energy, which since 2003 has been in excess of 15 million kWh a year (Cabaniss, 2009).
Economic viability was therefore deemed doubtful for a project of this type even when measured
simply in terms of investment payback within the first 10 to 15 years of the turbine’s 20-year
expected life span (GEC 2006).
The GEC study, however, was not based on campus wind measurements. Instead, as is
customary for a preliminary investigation of this kind, data were derived from a TrueWind map
for the New England region. Using this map, an estimate of the mean annual wind speed was
obtained at a height of 30 m above ground level and then extrapolated to the average 35-m hub
height for the rotor of a 100-kW, horizontal-axis wind turbine (GEC, 2006). This approach has
limitations. TrueWind maps are a product of the renewable energy consulting firm AWS
TruePower, which provides feasibility studies and resource assessments to the wind-power and
solar-power industries. These wind-resource maps contain wind-speed values derived from
atmospheric models using physical equations that take into account a variety of parameters
affecting an area’s wind profile, including local topography and surface cover (Kaplan et al.,
1982). But the TrueWind map that GEC reported using was a mesoscale one with a grid
resolution of 2 km. This is too coarse a resolution to provide a truly accurate indication of the
wind resources at any given site in the New London area, for wind resources can vary greatly
with many micro-scale factors, including a site’s specific elevation, the slope of its terrain, the
7

height and distribution of trees and other vegetation found there, and the size and placement of
buildings in the vicinity of the proposed turbine, especially those in the prevailing wind
directions (Wizelius, 2007). The detailed effects of all these factors can only be determined
through empirical data collected at the actual site.
Although GEC did a rough verification of the TrueWind map values using data collected
from the Groton-New London Airport, located about 7 km to the southeast of Connecticut
College, these two locations are very different, so that one cannot be used to gauge wind
resources at the other. In terms of topography, the college is on a 75-meter-high hilltop
somewhat inland from Long Island Sound, whereas the airport is on very low-lying land (only
about 1.7 m above mean sea level) directly on the coast. The airport also has more open space,
devoid of tall vegetation and man-made structures (mostly mowed lawn and runways), compared
to the Connecticut College campus with its many buildings and surrounding arboretum. Because
all these and other factors that distinguish the two sites affect wind resources in various ways, the
measured wind data from the airport are not an accurate way to determine the specific wind
resources available at the college. This is especially true given that airport locations are usually
chosen explicitly to avoid topography that generates strong wind (Eldridge, 1980).
These limitations of the preliminary GEC study pointed to the need for a detailed, on-site
wind analysis conducted on the Connecticut College campus. There is virtually universal
consensus in the wind-power industry that, whereas the TrueWind mesoscale maps coupled with
wind data from nearby meteorological stations can be useful for making generalizations about
the wind profile in a particular area, these sources of information are no substitute for actual onsite wind measurements when it comes to making decisions about committing to a wind-power
project (Gardner et al., 2009). In short, a site-specific wind study is an essential step in
evaluating wind-power feasibility at any given location.
8

The Current Study: Detailed Hypotheses
The purpose of the current study, as stated previously, is to conduct a site-specific windresource analysis on the Connecticut College campus, with the goal of determining more
accurately than the preliminary GEC study did whether or not the wind regime there is adequate
to make wind a viable source of electrical power. It is hypothesized that, because the campus has
wind-augmenting features of its terrain that were almost certainly overlooked in the 2-km
resolution of the TrueWind mesoscale map, the mean annual wind speed at a height of 35 m
above ground level is actually greater than the 4.9 m/s estimated in the GEC report. Knowing
that TrueWind calculated a standard error of 6 to 8% when validating its modeled wind speeds
for New England using long-term data from regional anemometer towers (Brower, 2003), a
reasonable prediction for the current study is that the actual mean annual wind speed is between
5 and 10% greater than the GEC estimate, or approximately 5.1 to 5.4 m/s. Middle range values
of 5.2 to 5.3 m/s seem most likely, which represent an increase of 7 to 8% over the GEC
estimate.
An average annual wind speed in this hypothesized range at a height of 35 m is based on
the expectation of significant wind enhancements related to Connecticut College’s hilltop
location. At 75 m in peak elevation, the college occupies one of the highest hills in New London,
a hill that in general is relatively gradually sloping. The only very steep gradients occur at eastor west-facing rock cliffs, usually no more than 10 m tall, which account for less than 1% of the
area’s terrain and are not located near the main campus (CLEAR, 2010). This can be seen in
Figure 2, a topographic map of the school’s property, outlined in red, including both the main
campus and the extensive arboretum surrounding it.
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Figure 2. Topographic map of Connecticut College (outlined in red), showing its hilltop location (contour
interval = 0.6 m). At the TrueWind map’s 2-km resolution, all these topographic features would disappear.
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One benefit of the college’s hilltop location is a wind-speed acceleration known as the
hill effect. Airport records show that wind out of the southwest is frequent in the New London
area (GEC, 2006), and when this wind flows up the campus’s hill at an oblique angle to its northnorthwest to south-southeast orientation, a natural expansion and acceleration of the wind stream
occurs (Manwell et al., 2009). This effect arises because the air becomes compressed as it
encounters the hillside, which is gradually enough sloped not to act as a wall that creates
turbulence (Mathew, 2006). Thus, as the stream of compressed air is pushed upward, it expands
to relieve the buildup of pressure, significantly increasing its speed in the process. Wind speed is
maximized in the middle of the hilltop at a height above ground level that depends upon the
hill’s size (Taylor & Teunissen, 1987; Salmon et al., 1988). The taller the hill, the greater the
air’s compression, and the further its subsequent expansion extends. This effect is schematically
shown in Figure 3. The acceleration is particularly strong (up to a doubling of the initial wind
speed) if natural and man-made objects on the upstream slope are not so large that they serves as
windbreaks and counteract the effect (Bitsuamlak et al., 2004; Manwell et al., 2009).

Figure 3. The wind-acceleration profile caused by a gradually-sloping hill. Maximum wind acceleration
occurs at 1L (the middle of the hilltop) and height l above the surface where the altered wind gradient
becomes vertical. (Source: WAsP.dk website)
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It is also expected that the school’s relatively high elevation may have another windaugmenting effect. It may place the college above shallow temperature inversions that
periodically dampen wind at lower elevations in the New London area (including the airport
location), thus making the campus windier than even closely neighboring sites (Gipe, 2004). A
temperature inversion occurs when a layer of warmer air temporarily lies above cooler air that
blankets the surface. This condition is fairly common on clear, calm nights when radiational
cooling from the ground to the air directly above it occurs more rapidly than the rate of cooling
at higher levels in the atmosphere (Ahrens, 2003). The same phenomenon can sometimes occur
in coastal areas when relatively cold water cools the air mass at the surface (Lange et al., 2004).
As the cooler surface layer becomes capped by the warmer air aloft, convection currents near the
surface cease, and the air at low elevations becomes stagnant (Wallace et al., 2006). Above the
temperature inversion, however, the air moves freely, so wind aloft may be relatively strong, as
shown in Figure 4. Like the hill effect, this meteorological influence cannot be adequately taken
into account at the resolution of the TrueWind mesoscale model that the GEC study used.

Figure 4. The effects of a shallow temperature inversion on wind speed. When a layer of warmer air caps
a layer of cooler air (as occurs fairly often in low-lying coastal areas on clear, calm, winter nights), the
normal decrease in temperature with height is inverted in the lower atmosphere, and wind is also
dampened there as convection currents are suppressed. Hilltop terrain at a high enough elevation may
avoid this stagnant air and remain in the warmer, moving wind stream above it.
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The hypothesized mean annual increase in wind speed of 0.2 to 0.5 m/s that these windenhancing factors could create may seem relatively small, but even small boosts in wind velocity
can make a sizable difference in available wind power. The reason is that mean annual wind
speed by itself does not really indicate the power-generating potential of the wind. To determine
this more important power parameter, the air’s density and the area through which it passes in a
given period of time must also be taken into account. These factors are considered in the windpower formula P = ½ƿAV3 where power (P), the rate at which wind energy is available to do
work, is defined as a function of the air’s density (ƿ), its velocity (V), and the unit area through
which it moves (A). It is very significant that in this equation wind velocity is cubed. It is first
squared in the kinetic energy equation (Ek = ½mV2), which also considers the air’s mass (m), and
it is then factored in again when calculating that mass on the basis of the air’s density and
volume, with the volume of a moving fluid being defined as velocity times area. Because of this
cubing of velocity in wind-power calculations, even a small increase in wind speed can make a
substantial difference in the total amount of power available (Patel, 2006).
The wind distribution can also make a significant difference to the value of V3 in windpower estimates. A lower value for V3 is always obtained when the approach to making this
calculation is simply to cube the mean annual wind velocity as opposed to cubing the many wind
speeds that collectively produce that mean and then finding the average of those cubes (Gipe,
2004). This somewhat surprising effect is due to the fact that simply cubing the mean precludes
the cubing of values which lie above that mean, and these values can sometimes be of sizable
magnitude. Using a “typical” bell-shaped Rayleigh distribution to overcome this problem is not
really a perfect substitute for actual on-site wind-speed distribution data because the distribution
can vary significantly from one site to another. At one wind-farm location near Ellensburg,
Washington, for example, the actual wind-speed distribution at the site generated a mean annual
13

power density that was twice as great as the wind-power density calculated using a Rayleigh
distribution (Pacific Northwest National Laboratory, 2008).
Obtaining this critical on-site wind-speed distribution data is part of the empirical wind
analysis conducted for Connecticut College and reported here. Because wind at the college is
about 30% stronger during late fall, winter, and early spring than at other times of year,
especially during the summer (GEC, 2006), it is very likely that the wind-speed distribution
could help to boost the average annual wind-power density further into the range that would
make a wind turbine economically viable. Without this more favorable than average wind-speed
distribution (that is to say, using a standard Rayleigh distribution), wind with a mean annual
velocity of 5.25 m/s (the midpoint of the hypothesized range) would have a power density of
about 170 W/m2 a year (Gipe, 2004). However, it is further hypothesized that the campus’s wind
distribution will be advantageous enough to produce a wind-power density some 5 to 10%
greater, or approximately 180 to 185 W/m2 annually using a middle-range increase of 7.5%.
A wind resource with the mean velocity and power density hypothesized here is generally
considered adequate for a wind turbine with a rated capacity of roughly 100 kW (Chiras et al.,
2009), the size of the turbine that GEC proposed for the campus. Such smaller turbines are
typically designed to efficiently capture wind of this relatively low mean annual speed. However,
if a height restriction on the turbine were removed, much stronger wind could be captured
because wind speed increases significantly with height above ground level. Such a taller hub
height might be feasible if the turbine was not sited on the main campus, as GEC proposed, but
instead was located at high elevation in the college’s large arboretum. At a very tall hub height,
where wind speeds are substantially greater, and using a very large commercial-sized turbine
with a correspondingly large-diameter rotor, enough electrical energy might be generated on the
Connecticut College campus to meet a very sizable proportion of the school’s total annual needs.
14

WIND-ANALYSIS METHODOLOGY
Wind is a free energy resource that is found virtually everywhere, but the amount and
quality of this resource can vary greatly by location, even among quite closely neighboring sites.
That is why careful measurement of a local wind regime is essential in order to estimate how
much electricity can be generated using wind power. Essentially three factors are considered in a
wind resource analysis: (1) the wind speed, usually measured in meters per second and averaged
over 5-minute intervals, from which monthly and annual mean wind speeds as well as a windspeed frequency distribution can be determined; (2) wind-speed standard deviations, which can
be used to provide a measure of turbulence intensity in the wind stream; and (3) a record of wind
directions, including their durations, which can be related to the wind speeds that were logged to
obtain a wind rose for the site. The ultimate goal of this data collection is to determine the site’s
wind energy density, that is, the number of kilowatt hours per square meter of the wind stream
that can reasonably be expected there.

Data Collection
The most accurate way of determining the wind resource at a given location is to make
on-site measurements of wind speed and wind direction over a period of at least a year.
Anemometers and wind vanes are typically used for this purpose, although remote-sensing
SODAR (sonic detection and ranging) and LIDAR (light detection and ranging) techniques are
becoming increasingly common alternatives (Gardner et al., 2009). Temperature is also recorded
at the site over the same time period because temperature affects the air’s density, which in turn
affects the kinetic energy that the air contains. These three factors (wind speed, wind direction,
and temperature) were recorded on the Connecticut College campus beginning on June 26, 2009

15

and ending, for the purposes of this study, on July 26, 2010. This time frame included more than
a full year of measurements, enabling seasonal differences to be observed.

Mast Locations
Measurements were initially made from two instrument masts installed at two locations
on the main campus, each of which was selected and put into operation before the start of the
current wind-resource analysis. These two locations are shown in the aerial photograph in
Figure-5. The topographic map in Figure 6 shows the site elevations. One site, referred to as
data-collection site 1, was just south of the college’s south parking lot (coordinates: 41°22'28".N,
72°6'11" W; elevation: 50.0 m above mean sea level). The other site, data-collection site 2, was
near the flagpole at the Mohegan Avenue entrance to the college (coordinates: 41°22'41".N,
72°6'16" W; elevation: 66.7 m above mean sea level). Figure 5 shows not only where these two
sites were located but also the terrain, man-made structures, and vegetation surrounding them.
The two data-collection sites had both advantages and disadvantages. The first was close
to the area that Global Energy Concepts recommended as the best location on the main campus
for a 100-kW turbine. Looking for sites that combined sufficient space and good exposure to the
prevailing wind directions, GEC identified only three potential locations for a turbine: the
parking lot north of Hamilton residence hall, the parking area west of the old tennis courts
behind the Crozier-Williams Center, and the space between the tennis courts and the service
building at the south end of campus. Because of future building plans and setback requirements
(1.5 times the maximum tip height of the rotor blades), only the last of these three locations was
deemed potentially suitable for a wind turbine of 100-kW size (GEC, 2006). For ease of access,
protection from vandalism, and positioning relative to the southern end of Tempel Green, datacollection mast 1 was installed about 180 m to the southeast of the GEC-selected site.
16

Figure 5. Campus locations of the two wind-monitoring masts. Site 2 is to the north of site 1.

Source: Bing maps

Anemometer Mast
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Figure 6. Topographic map of the Connecticut College main campus (elevations in meters).
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This location was not ideal from a wind-measurement standpoint. Because the mast was
downslope from the crest of the college’s hilltop (25.6 m lower in vertical measurement above
mean sea level), it was likely that wind strengths there would be less than at higher elevations on
campus. Although there is apt to be some acceleration of the wind as it flows up the hillside, it is
at the summit where the greatest rise in wind speed would be expected (Kochanski et al., 2009),
particularly given clusters of trees and buildings that tend to act as windbreaks on the route up.
An even more serious problem with data-collection site 1 concerned the quality and regularity of
the data obtained there because of instrument malfunctions. This problem ultimately culminated
in a failure of the system and elimination of its data from the study.
Much better results were obtained from data-collection site 2. This site was only 8.9 m
lower than the peak elevation on the main campus, which is at an area just north of Shain Library
with a height above mean sea level of 75.6 m. The relatively high elevation (66.7 m) at datacollection site 2 was a major plus for assessing the maximum potential wind available. However,
many quite tall trees and buildings surround the grassy area where the mast was placed. Fourstory-high Fanning Hall, for example, was only 40 meters away, and a large tree in the
southwesterly wind direction was even closer. Figure 7 shows the views from data-collection site
2 in eight compass directions beginning with north and moving clockwise to northwest. The
obstacles to the wind that can be seen in these photographs would be expected to create an
elevated level of turbulence at this site, while at the same time lowering the wind speeds
recorded there, unless the instrument mast was tall enough to clear them (Gipe, 2004). As with
data-collection site 1, two reasons for selecting this location were ease of access and protection
from potential vandalism. It was never intended that a wind turbine of any size would be
constructed at such a prominent location on the college’s campus and one so close to a public
road from which setbacks would be required.
19

Figure 7. Topography surrounding measurement mast 2, showing large windbreaks in all directions.
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Mast Setup and Instrumentation
The instrument mast at data-collection site 2, shown in Figure 8, was the only one
ultimately used for this study. It consisted of an aluminum tube measuring 5.8 m tall supported
by guys made of metal cable. The short height of this mast was a decision made prior to the start
of the current study mainly for reasons of low cost and ease of installation given a limited budget
but also to avoid the permitting process required for a much taller structure.

Figure 8. The instrument layout on the mast at data-collection site 2 near the campus flagpole.
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The instruments used and their positioning on the mast were also determined before the
start of the current study. These instruments, purchased from APRS World, LLC, included a cup
anemometer (APRS6504) and a wind vane (NRG#200P) mounted at either end of a two-armed
boom approximately 1 m in length, which was located at the mast’s top. The anemometer and
wind vane were each on posts about 4 boom widths tall. In the middle of the boom, at the mast’s
center, a grounded lightning rod was fastened. The data-logger unit (APRS6000) was mounted
on the mast about 2.5 m above ground level and an equal distance below the mast-mounted solar
panel (APRS6555) that powered it. This unit logged wind speeds counted over 5-minute
intervals. The data were written to a .csv (comma-separated value) file. Also included in the
system was a 3-meter-long temperature-sensing cable (APRS 6559) colored white to minimize
solar heating.

Data Assessment
Quality-Control Screening
Most data sets are subject to problems that require quality-control assessment. For
example, temporary problems with wind-monitoring equipment are sometimes unavoidable, as
when a winter storm ices up a cup anemometer and wind vane. Such brief equipment failures
produce intermittent segments of poor data on which to estimate wind resources (Gardner et al.,
2009). As a result, the raw data obtained in this study were screened for periods during which the
accuracy of the recorded values appeared to have been compromised. This was done by visually
checking the data for entries that were obviously erroneous substitutions, such as values that
were outside the possible ranges of the sensors or records that were unchanging over long time
periods. Such suspect entries were filtered out so as to retain only correct data even if the data
series was occasionally incomplete. The amount of filtered data as a percentage of all data
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collected was reported in the study’s results, and this percentage was taken into account in the
uncertainty analysis. The ideal goal in wind-resource analysis is to obtain at least 90% of the
total possible data, with gaps being less than 1 week in duration (Bailey et al., 1997).

Assessing for Long-Term Representativeness
Wind data collected over a finite measurement period are valid only for that particular
period and cannot be assumed to be representative of average long-term conditions at the site. In
fact, the mean wind speed at a particular site can vary by as much as 25% from year to year in a
low-wind regime, although an average of 3-5% is more typical (Gipe, 2004). As a result of such
deviations from long-term average wind conditions, some scaling method must be used to adjust
the short-term, site-specific data for their long-term representativeness, making estimated energy
yields over the 20-year life of a wind turbine more accurate. Such a method employs long-term
reference data available for a nearby location that includes the period during which the sitespecific data were gathered (referred to as the concurrent period). After analyzing the
relationship between the site-specific data and the reference data during the concurrent period,
the observed relationship is applied to the long-term reference data in order to extrapolate wind
conditions at the site over an equally long time period (MEASNET, 2009).
A scaling method of this kind is based upon several assumptions (Gardner, 2009). One is
that stable, long-term, mean wind conditions exist for any given area and that these conditions
can be assessed by using historical data as a frame of reference for analyzing the short-term, sitespecific wind data that were gathered. These scaling methods also implicitly assume that the
future wind regime for any given area will remain essentially the same as the wind regime in the
recorded past, thus ignoring any systematic modifications to the wind profile that might arise due
to ongoing climate change.
23

The long-term scaling method that is typically used is called measure-correlate-predict
(MCP). “Measure” refers to the collection of site-specific data. “Correlate” refers to analyzing
the relationship between the site-specific data and a set of reference data gathered over the same
time period at a neighboring location for which longer-term wind records exist. And “predict”
refers to applying a calculated scaling factor to extrapolate from the long-term reference data an
estimate of average long-term wind conditions at the site of interest for a wind-power project.
Over the years, a number of different algorithms for the MCP approach have been developed,
many of which are often equally effective despite their methodological differences (Derrick,
1992; Rogers et al., 2005a; Thøgersen et al., 2007).
The measure-correlate-predict method requires that the long-term reference data used
meet certain standards. First, it must be suitably consistent, continuous, and reliable, having been
gathered over years from the same location, using the same methods. This is not as simple a
requirement as it may appear to be at first. Data-collection sites can change in the long run due to
such factors as alterations in the surrounding area as new buildings are constructed and trees
grow or are removed. Relatively low meteorological towers are particularly affected by such
changes. A new meteorological tower may also be needed, and it may be put in a somewhat
different location than previously, or its height may be somewhat changed. At the same time, the
updating of instrumentation can increase the accuracy of data, but it can also make the data no
longer comparable to what was gathered before. This is a growing problem as the National
Weather Service has been replacing its cup anemometers with more modern, ultrasonic, ice-free
wind sensors that measure changes in wind speed by sensing changes in the speed at which
sound travels through the air (Lewis & Dover, 2004; Taylor et al., 2009). Often, too, there may
be lengthy gaps in a historical record simply because the equipment underwent periodic
breakdowns, maintenance, and repairs over the years. Ideally, a stable reference period spanning
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30 years provides an excellent picture of long-term wind conditions in an area, but realistically a
continuous time series of this duration is often impossible to obtain. Therefore, a reference
period of 10 years is widely considered a good compromise between the desire for long-term
representativeness and the availability of reliable data (MEASNET, 2009).
Another criterion that reference data must meet is having a high correlation with the data
collected from the potential wind turbine site over the concurrent period. If a reasonably strong
relationship between the two data sets is lacking, the long-term reference data cannot be used as
the basis for predicting what the long-term wind conditions at the turbine site will be. A
correlation coefficient (r value) of 0.9 or greater for each wind-direction sector that is measured
is considered ideal. If the correlation is much weaker than this, the reference data is typically
rejected and another source of historical wind data is sought instead (Gardner et al., 2009).
The closest long-term reference data for the Connecticut College campus comes from the
National Weather Service’s Automated Surface Observing System (ASOS) station at GrotonNew London Airport in Groton, Connecticut, only 7 km away (coordinates: 41°19'39" N,
72°02'57" W). This is the long-term data source that Global Energy Concepts used in its
preliminary wind-power feasibility study for the college, submitted in 2006, but the data are now
updated by several more years. The data set is limited, however. Although the current
instrumentation at this station was installed in 1999, including a new sonic anemometer at a
height of 10 m from which measurements taken every 1 second are averaged over 5-minute
intervals (NOAA, 1999), reliable outputs there were not obtained until 2004 (GEC, 2006). As a
result, continuous long-term data from the Groton-New London Airport spans only the 7 years
from 2004 through 2010.
The same is true of three other Automated Surface Observing System stations that were
also considered as potential sources of long-term reference data for this study. These stations are
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Westerly Airport (coordinates: 41°20'59" N, 71°48'12" W) located about 25 km to the east of
Connecticut College, Windham Airport in Willimantic (coordinates: 41°44'39" N, 72°10'49" W),
located about 41 km to the college’s north, and Tweed New Haven Airport (coordinates:
41°15'50" N, 72°53'12" W), roughly 67 km to the school’s west. Each of these stations updated
its instruments and protocols at essentially the same time as Groton-New London Airport did. As
a result, differences in the time frame of available data could not be used as a criterion in
deciding among these stations. Instead, the final selection of a reference data set was made on the
basis of two factors: (1) how well the concurrent-period reference data set correlated with the
campus-derived data based on correlations obtained for 360 wind-direction sectors of 1° each
using wind speeds ≥ 2m/s, the cut-in speed for a sonic anemometer; and (2) the strength of the
correlation between the campus data and the predicted long-term wind for an average year based
on data from each of the reference stations being considered, again using 360 wind-direction
sectors. The MCP module of WindPro was used to perform these correlations, WindPro being
the world’s leading wind-energy-project software, developed by the Danish firm EMD
International (see Acknowledgments section).
Among the various methods available for the prediction component of the MCP analysis,
a linear regression model was chosen, again using the WindPro software. This model works
particularly well when the two sites (measured and reference) have similarly shaped wind-speed
distribution curves (Clive, 2008). The relationship plotted between the wind velocity measured at
the campus site (VC), shown on the y-axis, and the wind velocity recorded at the reference site
(VR), shown on the x-axis, can be expressed in its simplest form by the equation:
VC = a (VR) + b

(1)

where b is the y-intercept of the best-fit regression line and a is the slope of the line. The longterm wind data from the reference site were adjusted using the specific equation obtained in this
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analysis in order to estimate the long-term wind-speed values at the Connecticut College site
(Burton et al., 2001; Thøgersen, 2007).

Calculating Derived Values
Extrapolating Wind Speed at Hub Height
More than just long-term wind conditions need to be extrapolated when conducting a
wind project feasibility study. It is also essential to extrapolate the average wind speed to the
height at which the wind turbine will be operating. In general, wind speed increases with greater
distance above the Earth’s surface as the moving air becomes increasingly freed from the
frictional influence of objects on the surface that cause drag and turbulence. In suburban areas,
like most parts of New London, this phenomenon, known as wind shear (or the vertical windspeed gradient), continues for a distance of about 370 m above ground level, much higher than
even the tallest wind turbine (Tiwari & Ghosal, 2005). The magnitude of wind shear experienced
at a given location depends upon what is called the area’s surface roughness, a collective term
referring to all the surface objects that retard wind flow near the ground. The greater the surface
roughness (the coarser the groundcover, the taller the vegetation, the bigger and more numerous
the buildings and other man-made structures), the larger the escalation in wind speed will be as
measurements are taken at increasing heights (Gipe, 2004). The challenge, therefore, is to factor
in the correct degree of surface roughness when extrapolating what the wind speed is at any
given height above a measurement station.
This calculation can be made using one of several methods. None of these methods is
ideal, especially when extrapolating long vertical distances or over complex terrain (Ray et al.,
2006; Lubitz, 2006). However, when anemometers at hub height are not available, the commonly
used methods of wind shear extrapolation provide a reasonable alternative (Li et al., 2010).
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One of these methods is the logarithmic model, which was developed from scientific
theory regarding the mechanics of fluid flow across surfaces. The equation for this model is:
V = ln(H/z 0) / ln(HR/z 0) VR

(2)

where HR is the reference (or measurement) height above ground level expressed in meters and
H is the new height, VR is the reference height’s wind speed in m/s and V the new height’s wind
speed, and z0 is the roughness length in meters, a quantification of the drag-producing quality of
the Earth’s surface, which can vary from 0.00001 for smooth ice to greater than 2 for a dense
cityscape (Danish Wind Industry Association, 2003; Gipe, 2004).
A second, more empirically based method for determining wind shear is the power-law
equation, which was derived largely from field observations. Its accuracy has been found to be
very comparable on average to that of the logarithmic method (Ray et al., 2006). The power-law
equation models the wind-speed gradient with a constant exponential coefficient (α) that varies
directly with surface roughness length and can be calculated using the formula:
α = 1/ln(HR/z0)

(3)

where HR again is the reference height at which the wind speed is being measured, and z0 is the
surface roughness length, which is more formally defined as the height above ground level where
the wind speed is theoretically zero (Troen & Petersen, 1989; Danish Wind Industry Association,
2003; Gipe, 2004). Table 1 shows some sample wind-shear exponents (reference height above
ground level = 10 m) and the surface types and roughness lengths associated with them. The
appropriate wind-shear exponent must be factored in when relating the ratio of the new and the
reference wind speeds to the ratio of the new and the reference heights, as show in the equation:
α

V/VR = (H/HR)
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(4)

By rearranging this equation, the extrapolated wind speed at any given height above the
reference level can be calculated with the formula:
α

V = VR(H/HR)

(5)

Table 1. Surface-roughness lengths and wind-shear exponents by terrain type (reference height = 10 m).

Terrain Type

Surface Roughness Length z0 (m)

Wind Shear Exponent α

Smooth ice

0.00001

0.07

Snow on flat ground

0.0001

0.09

Calm sea

0.0001

0.09

Coast with onshore wind

0.001

0.11

Snow-covered crop stubble

0.002

0.12

Cut grass

0.007

0.14

Short-grass prairie

0.02

0.16

Crops or tall-grass prairie

0.05

0.19

Tall hedges

0.085

0.21

Scattered trees and hedges

0.15

0.24

Trees, hedges, some buildings

0.3

0.29

Suburbs

0.4

0.31

Tall forest

1

0.43

City center with tall buildings

>2

>0.63

Sources: Gipe, 2004; Ray et al., 2006; Frost & Aspliden, 2009.

Because the power-law equation and the logarithmic model do not always yield the same
result, even when inputting an identical roughness length value, this study used both methods to
extrapolate the average wind speed from anemometer height to turbine hub height. To determine
the appropriate roughness length value to use, a more comprehensive version of Table 1 was
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consulted (Troen & Petersen, 1989). A roughness length of 0.4 was chosen, which is widely
deemed suitable for suburban areas (Ray et al., 2006). This is the surface roughness length that
GEC suggested using for the campus. It is a conservative estimate given the height and spacing
of the buildings surrounding the data-collection mast. The z0 value of 0.4 was used in equation 2
to extrapolate the wind speed at 35 m with the logarithmic model. To use the power-law equation
for the same purpose, a 0.4 roughness length was entered into equation 3, enabling a wind-shear
exponent (α) to be found, which in this case was 0.37. This exponent was then used in equation
5 to determine mean velocity at the 35-m height. Although Global Energy Concepts
recommended using a wind-shear exponent of only 0.30 for the Connecticut College campus,
this was under the assumption that the reference height would be a standard 10.m tall. With a
mast height of only 5.8 m, 0.37 is the calculated wind-shear exponent.
To further assess the accuracy of this wind-shear exponent, a program called WAsP
(Wind Atlas Analysis and Application Program) was used. WAsP provides a method for
obtaining site-specific wind-resource data that was developed by Risø DTU, the Danish national
laboratory for sustainable energy (see Acknowledgments section). Over the 20 years it has been
in use, WAsP has become the European standard for wind resource assessment software,
although the accuracy of its results partly depends on the user’s experience with the program.
Essentially, WAsP is a set of empirically based algorithms for determining the effects
that surface features of all kinds and sizes will have on the energy content of wind. Rather than
using a single surface roughness parameter or wind-shear exponent, WAsP considers separately
the various elements that contribute to the two main sources of drag force, skin friction and form
drag. Skin friction occurs when the moving air in the boundary layer of atmosphere comes in
contact with the Earth’s surface and consequently experiences frictional resistance through a
shearing action. This disrupts the airflow and slows its speed, with the magnitude of the effect
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largely dependent on how smooth or rough the surface texture is. In contrast, form drag arises
when the moving air encounters a sizable object from which the fluid flow separates, causing
turbulent eddies to form. The larger and more solid the object, the greater obstruction to the wind
it imposes; and the less streamlined the object’s profile, the more intense the turbulence will be.
Form drag is also called pressure drag because it is a function of the pressure differential
established on the upwind and downwind sides of the wind-obstructing object. On the upwind
side, increased pressure arises as the wind strikes the object’s surface, causing some of the wind
stream to become trapped there in recirculating eddies. On the downwind side, an even larger
area of turbulence occurs as the rest of the wind stream moves over and around the object,
rapidly curling in to fill the low-pressure area behind it. WAsP takes the complexities of this
form drag into account by assessing it independently of the terrain’s general surface roughness or
skin friction.
WAsP can be used in several ways. It can take available long-term wind data from a
location relatively close to a proposed turbine site and convert the data set to a site-independent
“regional wind climate” by eliminating the influences of all man-made obstructions, topographic
contours, terrain roughness, and vegetation cover so that what remains is a prediction of the wind
regime as it would be if the measurement area were a smooth, flat surface. The reverse procedure
is then used to transform the regional wind climate data to a prediction of wind resources at the
specific turbine site by adding in the influences of all the topographic contours, terrain
roughness, vegetation factors, and man-made structures located both at the site and in the areas
neighboring it (Petersen et al., 1998b; Wizelius, 2007). WAsP, however, also interfaces with
WindPro, and in this capacity it can be used to estimate the vertical wind-speed gradient at the
site being studied by inputting a general surface roughness factor in addition to values for each
large-scale object’s size, location, and porosity (its ratio of open spaces to total area).
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The WAsP concept begins with a very basic equation defining surface-roughness length
in terms of the size and distribution of objects present at the site of interest. This equation is:

z0 = 0.5 (h ∙ S) /An

(6)

where h is the average height of the various objects present, S is their average cross-sectional
area facing the wind, and An is the average horizontal area available to each of the objects
assuming that they are evenly distributed over the site (Lettau, 1969). The numerical factor 0.5
represents the average drag coefficient of an object with area S. WAsP, however, goes far
beyond this simple characterization. It enables consideration of objects of many different sizes
and shapes, many different distributions relative to one another and to the measurement station,
and many different degrees of porosity to the wind.
To use WAsP in the current wind-resource study, a GIS topographic map of Connecticut
College was obtained (CC Arboretum, n.d.), which included footprints of the campus’s buildings
and areas of vegetation other than lawn. An inclinometer and sonic distance meter were used to
measure the heights of all the buildings and large trees positioned relatively near to the
instrument mast, with closely-spaced groups of trees being counted as single objects. The
footprint dimensions and measured heights were then entered into the program to create a map of
35 large-scale objects that surrounded the data-collection site, including their distances from it
and the directions in which they lay. Porosity values were assigned to each object using a scale
ranging from 0 to 0.9, with 0 indicating a completely solid object and 0.9 indicating an object
with roughly 90% open space. The less porous an object, the more form drag it creates because
of the greater pressure differential on the object’s upwind and downwind sides. Table 2 briefly
summarizes the relationship between an object’s appearance and the porosity value appropriate
for it.
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Table 2. General guidelines for porosity of objects used in WAsP.

Object Appearance

Porosity Value

Completely solid
(Example: a massive wall or building)
Very dense
(Example: a closely spaced group of evergreens)

0
< 0.35

Moderately dense
(Example: a row of deciduous trees or buildings
with separation equal to their height)

0.35 – 0.50

Open
(Example: a cluster of scattered trees or buildings)

> 0.50

(Source: WAsP.dk website)

WAsP also calls for a roughness-class designation, which is a general characterization of
the surface roughness regarding smaller-scale and more distant objects in the terrain. This
designation is made in terms of four possible roughness categories (Troen & Petersen, 1989):
Class 0 – water areas (roughness length z0 = 0.0002 m); Class 1 – flat, open areas with very few
windbreaks (roughness length z0 = 0.03 m); Class 2 – scattered windbreaks separated by more
than 1000 m (roughness length z0 = 0.10 m); and Class 3 – forests or urban areas with many
closely-spaced windbreaks and separations no more than a few hundred meters (roughness length
z0 = 0.40 m). When the measured wind data for each of twelve 30° wind-direction sectors are
also entered into the program, an overall wind-speed gradient curve for the area is produced,
allowing the estimated wind speed at each height above ground level to be read off the graph.

Expressing Mean Wind Speed
The mean wind velocity (Vm) at a prospective wind-project site is an important piece of
information that is calculated with the equation:
n

Vm = 1/n ∑ Vi
i=1
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(7)

However, because the power contained in wind is a cubic function of wind speed, this method of
determining the mean velocity can be misleading when the result is used in wind power
calculations. The variation in wind speed above and below the mean must also be considered
because averaging the cubes of the range of wind speeds used to determine a mean will always
yield a higher value than cubing the average speed does (Gipe, 2004). To take the cubic
relationship between velocity and power into account, wind speeds can be weighted for their
power content to yield an effective Vm using the equation (Mathew, 2006):
n

1/3

Vm = 1/n ∑ Vi 3

(8)

i=1

where the sum of the cubed velocities are averaged and then the cube root is taken. An
alternative way often used to correct for the so-called cube effect in wind-power calculations is
to compute an Energy Pattern Factor (EPF) which is simply the ratio of the mean of the various
cubed wind speeds to the cube of the mean of those speeds (Mathew, 2006). The equation is:
n

1/n ∑ Vi3
EPF =

i=1 ___

.

n

3

(9)

1/n ∑ Vi
i=1

Because an EPF can sometimes be estimated even when the exact wind-speed distribution used to
calculate a mean is unavailable, it continues to be used in wind-power density calculations
despite other ways of taking the cube effect into account.

Determining the Wind-Speed Frequency Distribution
Although Vm in equation 8 considers variations in wind strength when calculating the
mean velocity, it does not allow for all the possible effects of the wind-speed frequency
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distribution, that is, the effects of how often the wind blows at each of the various wind speeds
experienced over a measurement period. To take an extreme example (Mathews, 2006), suppose
that on a certain day the wind blows constantly at 15 m/s at one site, while at another site the
wind is completely calm for the first 12 hours but then gusts to a steady 30 m/s for the second 12
hours as a tropical storm passes. The weighted mean velocity for the day would be 15 m/s at the
first site and 23.8 m/s at the second, but the two wind distributions would make an even bigger
difference to the available power a turbine could generate. If a turbine with the hypothetical
power curve shown in Figure 9 were located at the first site, it would operate steadily for 24
hours at its rated power, whereas if it were located at the second site it would generate no power
at all, having exceeded its cut-out wind speed of 27 m/s. Clearly, for the most accurate picture of
wind-speed variability and the power that can be expected from it, the wind-speed frequency
distribution must be considered, not just a weighted mean velocity. In fact, it is a site’s windspeed frequency distribution that is compared with the power curves of different turbines in order
to select a turbine that is well suited to the wind regime at that particular location.

Figure 9. Idealized power curve for a hypothetical wind turbine. (Source: Canadian Wind Energy Atlas, 2008)
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The wind-speed frequency distribution for a given site is typically presented graphically
as a histogram. The various wind speeds are grouped into non-overlapping, equal-sized bins
along the horizontal axis, whereas their frequencies are shown on the vertical axis. A typical
graph of this kind is given in Figure 10. In this example, the modal or most common wind speed
is 7 m/s, which is less than the mean wind speed of 8.9 m/s for this distribution.

Figure 10. A hypothetical wind-speed frequency distribution histogram with bins 1 m/s wide and wind
frequencies shown in hours over a measurement period of one year. (Source: Electropaedia, 2005)

To provide a convenient and simplified representation of wind-speed frequencies when
making energy calculations, a Weibull probability distribution can be fitted. Either time-series
data or a histogram format can be used as the starting point. A Weibull distribution is a twoparameter function, having both a scale parameter (c) that describes the distribution’s spread (in
this case c is closely related to the mean wind speed in m/s) and a unitless shape parameter (k)
that describes the distribution’s form (Bhattacharya & Bhattacharjee, 2009). The function shows
the probability (or percentage of time) that the wind is at a given velocity in the location under
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study. An example is given in Figure 11. This particular example, with parameter values of k =
2.09 and c = 7.5 m/s, is quite typical of sites with moderate mean wind speeds, such as those in
many temperate regions like southeastern Connecticut (Gipe, 2004).

Figure 11. A Weibull distribution fitted to hypothetical wind-speed frequency data presented in histogram
form. (Source: Electrical and Mechanical Services Dept., Government of Hong Kong)

When the actual wind-speed distribution for a site is unknown, wind analyses often use a
Weibull k value of 2, which is essentially a Rayleigh distribution (Jamil et al., 1995). Based on
empirical data, a Rayleigh distribution (Weibull k = 2) used in wind energy calculations has been
shown to produce reasonably accurate power estimates for many mid-latitude locations (Mathew
et al., 2002). In this study, however, year-long, site-specific data were available, so Weibull
parameters were calculated for the data set. The relevant equation is:
f(V) = k/c (V/c)k-1exp[-(V/c)k]

(10)

where f(V) is the frequency of wind velocity V in a frequency distribution and exp is the base e
exponential function (Gipe, 2004).
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A Weibull distribution can be fitted to empirical wind-speed frequency data using a
number of different methods (Seguro & Lambert, 2000). This study used the WindPro Meteo
(meteorological) module to find the Weibull distribution that best fit the available data. The k
parameter is determined by the equation (Mathew, 2006):

n

n

∑ Vi k ln(Vi)
k=

i=1

.

–

-1

∑ ln(Vi)
i=1

.

(11)

n

n

∑ Vi k
i=1

while the c parameter is found with the equation (Mathew, 2006):

n

1/k

c = 1/n ∑ Vi k

(12)

i=1

Once the Weibull parameters are obtained, k and c can be entered into a program that
uses these values in determining the available wind power at the site. This is what was done
using the WindPro Meteo module. Alternatively, the Energy Pattern Factor (EPF) discussed
earlier can also be used to appropriately adjust the value of V in power-density calculations
because the EPF reflects the ratio between a power density derived from a wind-speed distribution
and a power density obtained using an unweighted mean wind speed alone. The EPF is therefore
related to the Weibull shape parameter, k. This relationship is expressed in the equation (Akdağ
& Dinler, 2009):
k = 1 + 3.69/(EPF)2

(13)

or:
EPF = √(3.69/k-1)
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(14)

The ultimate goal using either approach is to determine the project site’s overall energy density
in kWh/m2, which is the rate at which the power of the wind passes through a given unit area of
space multiplied by the number of kilowatt hours in the measured time period. To make this
calculation, however, the density of the site’s atmosphere must first be known.

Calculating Air Density
The energy of wind is partly a function of the air’s mass, and the air’s mass in turn is a
product of its density and volume. Significant amounts of wind energy can be lost due to lower
than average air density in areas that are either exceedingly warm or very high in elevation. This
is because air density (ƿ) is inversely related to both temperature and altitude. Doubling the
mean temperature from 15°C (the standard temperature used for calculating wind energy) to
30°C will decrease air density by about 5%, and raising elevation to 1500 m above the standard
mean sea level will diminish air density by some 15% (Gipe, 2004).
However, at a location like the Connecticut College data-collection site, with an elevation
of only 66.7 m above sea level and with a mean annual temperature of about 10.2°C (based on
long-term airport data adjusted for elevation), mean air density is not very different from the
1.2250-kg/m3 that exists at standard sea-level conditions. The very slight loss in density due to
elevation is partially canceled out by the small gain in density due to a somewhat lower than
standard mean temperature. When the necessary calculations are made, the college’s mean air
density at a 66.7 m elevation is 1.2365 kg/m3, which is only 0.94% greater than standard air
density. Nevertheless, in this study the mean air density used in all wind-power and wind-energy
density calculations was adjusted for the proposed site’s elevation and the particular hub height
of each turbine being considered.
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These adjustments were made using an equation that expresses air density as a function
of pressure and temperature based on the ideal gas law:

ƿ = p/RT

(15)

In this equation ƿ is the air density in kg/m3, p is the atmospheric pressure in Pascals, R is the
specific gas constant for dry air (286.9 J/(kg∙K), and T is the mean temperature in Kelvin (°C +
273.15). In order to complete this calculation, the atmospheric pressure at the given elevation
above mean sea level must be found. This is done using the equation:
p = p0[1-LH/T0]gM/RL

(16)

where p0 is the sea-level atmospheric pressure (101325 Pa), L is the temperature lapse rate or
rate at which Kelvin temperature decreases with altitude in meters (0.0065 K/m), H is the height
above mean sea level, T0 is the standard Kelvin temperature at sea level (288.15 K), g is the
gravitational acceleration at the Earth’s surface (9.80665 m/s2), M is the molar mass of dry air in
kg/mol (0.0289644 kg/mol), and R is the universal gas constant (8.31447 J/mol∙K). The resulting
atmospheric pressure value is then used in equation 15 to yield the appropriate air density value
(Manwell et al., 2009).

Determining the Wind’s Power and Energy Densities
Wind is air in motion, and as a moving object it contains kinetic energy. Wind speed is
one of two key factors used in determining the energy contained in wind, the other being the
moving air’s mass. This is shown in the kinetic energy equation:
Ek = ½mV2

(17)

where m is the mass of the air in motion and V is its velocity, which in this case is the mean
annual wind speed adjusted for its long-term representativeness. Since the air’s mass is a
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function of its volume times its density (ƿ), and since the volume of a moving fluid is the product
of its velocity times the area (A) through which it passes in a given amount of time (t), the mass
of moving air can be expressed by the equation m = ƿVAt (Gipe, 2004). Substituting this into the
kinetic energy equation yields:
Ek = ½ƿAtV3

(18)

Because power is simply the time rate of generating energy, the power of the wind (P)
can be determined by dividing both sides of the above equation by t, producing the equation:
P = ½ƿAV3

(19)

It is now an easy matter to determine power density (the amount of power per unit area through
which the wind stream passes measured in watts per square meter) by dividing both sides of the
power equation by the area, A (Gipe, 2004). The power-density (P/A) formula becomes:
P/A = ½ƿV3

(20)

However, when a simple mean velocity is used for the value of V, V3 must also be
adjusted for the fact that cubing a mean is not equivalent to calculating the average of a series of
cubed values. One way to do this, described previously, is to factor in an appropriate Energy
Pattern Factor (EPF), which is given a unit of W/m2. This produces an EPF-adjusted version of the
power-density equation:
P/A = ½ƿV3 x EPF

(21)

The P/A value expressed in W/m2 is used to calculate the wind energy density (E/A)
expressed in kWh/m2 (1kWh = 3.600 x 106 J). This calculation is made simply by multiplying
P/A times the number of hours in the measurement period, which in this case is 8760 h/yr, and
dividing by 1000 to convert watts to kilowatts:
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E/A (kWh/m2) = P/A (W/m2) x 8760 h x (1 kW/1000W)

(22)

The result can then be used to estimate the likely electrical energy output per year for the
particular turbine or turbines being considered for a site.

Estimating Wind Turbine Annual Energy Output
Several methods are available for estimating the annual energy output (AEO) of a wind
turbine in a given wind regime. One method begins by multiplying the annual wind energy
density times the swept area (in m2) of the selected turbine’s blades to determine the amount of
wind energy available to that turbine on a yearly basis. Not all the wind can be captured, of
course. If it were, the wind would be stopped completely and the rotor would cease to turn. The
theoretical maximum captured, known as the Betz limit, is 59.3% (Betz, 1966; van Kuik, 2007),
but energy losses in the turbine system must also be considered, such as losses in converting
kinetic to electrical energy and losses when energy is used to keep the rotor blades appropriately
angled to the wind. When all these additional losses are taken into account, a much smaller
percentage of the wind’s energy is actually converted to usable electricity. This percentage
depends on the particular turbine’s design and its suitability for the existing wind conditions.
Somewhere in the range of 30 to 40% is considered good for a turbine of medium size. Thus, to
complete this method of estimating annual energy output, the product of the energy density times
the rotor’s swept area must be multiplied by an energy conversion efficiency factor that is
appropriate for the turbine being used (Gipe, 2004).
This is not the only method of estimating the annual energy output, however. When the
wind-speed distribution for a site is known, the preferred approach is to compare that distribution
with the power curve for the chosen turbine. The power curve indicates the average amount of
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power that the turbine produces in each narrow wind-speed bin. Because a good power curve is
derived from a turbine’s actual performance in the field, it takes both energy conversion
efficiency and rotor size into account, including how the vertical wind-speed gradient increases
across the rotor’s span (Sumner et al., 2006; Antoniou et al., 2009). Using this curve in
conjunction with the wind-speed distribution data, a straight-forward calculation can be made of
the number of hours annually that the turbine will be generating electricity at various levels of
power output measured in kilowatts, in other words, the number of kilowatt hours per year (Gipe,
2004).
In this study the WindPro Meteo module was used to make these energy output
calculations for each of several turbines being considered for the campus. These machines were
selected from the extensive WindPro file of currently manufactured turbines based on their
suitability for the school’s particular wind regime. Power curves for the turbines were also
obtained from the WindPro database, and these were matched with the long-term-adjusted windspeed-distribution curves to produce the estimated annual energy yields.

Assessing the Turbulence Area and Intensity
A wind turbine should never be sited where the wind stream is extremely turbulent, that
is, where the airflow is not steady but instead is rapidly fluctuating in both speed and direction,
giving it a very irregular pattern of movement. Even fairly light turbulence will reduce the
expected power output of a horizontal-axis turbine because the rotor will have to repeatedly turn
to accommodate the rapid changes in wind direction encountered (Johnson, 1995). When the
level of air turbulence is high, the life of a wind turbine is often diminished significantly. At the
very least, the machine will require unusually high expenses for maintenance and repairs (Chiras
et al., 2009). Because of the number of fairly tall buildings and trees on the Connecticut College
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campus, estimating the degree of air turbulence is an important step in the wind-analysis
procedure for this location.
Figure 12 summarizes very general rules of thumb regarding the size of turbulent areas
that objects on the Earth’s surface create due to form drag. It shows that an object produces air
turbulence for a vertical distance of at least twice its own height and for a horizontal distance of
at least 20 times its height on the object’s downwind side. These distances encompass only areas
of high turbulence, however. Some degree of turbulence can extend vertically up to 3 times an
object’s height and downwind horizontally as much as 30 or 40 times that measurement (Danish
Wind Industry Association, 2003). Although air turbulence is lower on the upwind side of an
object, it is not absent there, as mentioned earlier when discussing form drag. Figure 12 shows
upwind turbulence extending to a horizontal distance of roughly 2 times the object’s height as
the airflow in this area is being blocked to a significant extent by the object’s presence.

Figure 12. Rules of thumb for estimating areas of high air turbulence due to obstructions
to the wind. (Source: Source: US Department of Energy)

In addition to turbulence area, another critical factor that must be known is the degree of
turbulence intensity, which is the magnitude of the air’s disturbance. Turbulence intensity can be
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calculated as the ratio of the measured standard deviation of the wind velocity to the measured
mean velocity (Kochanski et al., 2009). Sometimes this coefficient of variation is multiplied by
100 to express the value in percentage terms. The equation is:
I = σV /Vmean x100

(23)

Typically, turbulence intensity is measured for 12 wind-direction sectors of 30° each so that all
the objects surrounding the turbine site can be taken into account.
In this study, a meaningful wind turbulence assessment could not be made. This was due
to the fact that the data collected could not be used to calculate standard deviation because the
wind speed over each 5-minute interval was measured simply by the number of anemometer
rotations in that time period. Fortunately, the data-collection site at the main entrance to the
college was not a location where a wind turbine would ever be built, so the absence of specific
turbulence information about it was not a major problem. Because air turbulence analyses are
highly site-specific and cannot be generalized from one location to another, an appropriate
turbulence study was left for future research when the actual siting of a possible wind turbine on
campus is established. Assessment of any proposed site by SODAR would probably be the
easiest way to determine both turbulence area and turbulence intensity in a reasonably short
period of time.

Presenting the Wind Direction Data
Wind direction data for the Connecticut College campus was organized graphically as
three wind roses summarizing how wind speed, wind frequency, and wind energy density vary as
a function of direction. The WindPro software was used to produce these diagrams based on
long-term corrected data extrapolated to a hub height of 35 m, the height being considered in this
study’s hypothesis. In the wind-frequency rose, the length of each sector extending from the
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graph’s central hub indicates the percentage of time that the wind blows from that particular
direction. In the wind-speed and wind-energy roses, the length of each sector indicates either the
mean wind velocity or the mean energy content associated with that direction.
The information in a wind rose is important for positioning a wind turbine wisely,
especially in relation to the wind direction that contains the most energy. Depending on the
distribution of wind strengths at the site, the direction with the most wind energy may or may not
be the most frequent wind direction. If a relatively infrequent wind direction is particularly
blustery, for example, it may sometimes contain more energy density annually than does the
prevailing wind direction if it happens to be much lower in velocity. Thus, a site’s wind rose
must be taken into account to ensure that the terrain upwind of a turbine in all energy-dense
directions is as obstacle-free as possible so as to minimize airflow disturbances that will impair
the turbine’s performance (Manwell et al., 2009).

Uncertainty Analysis
Many inputs into a wind resource analysis can introduce uncertainty regarding the results.
This uncertainty is particularly important given that the calculated energy yield is so sensitive to
errors in the initial wind-speed estimate. Because the wind-speed value is cubed in the windpower density formula, P/A = ½ƿV3, even small differences in this value will make a
significantly larger difference in the energy output that can be expected. Consequently,
reasonably accurate wind-speed estimates are vital, particularly for low wind-speed regimes.
When the average annual wind speed at a site is relatively low, a small error in measured wind
speed will produce a significantly larger percentage error in the estimated energy output than
would occur given the same measurement error at a site where the wind is much stronger
(Gardner, 2009). Thus, sizeable measurement and computational uncertainty at a low-wind site
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can easily produce a situation in which a wind turbine project is developed that is not truly
economically viable.
Potential sources of uncertainty begin with the wind-profile measurements and continue
throughout virtually every step in the wind-resource assessment (Lackner et al., 2008). Some of
the measurement sources of uncertainty include the calibration of the instruments used, their
placement on the wind-monitoring mast, the length of time over which the wind data are
collected, and the percentage of usable data obtained. Other uncertainties are related to the MCP
analysis, such as the number of years for which reliable reference data are available and the
strength of the relationship obtained between the reference data and the on-site data. Uncertainty
also arises when the wind speed is vertically extrapolated to the turbine hub height, when a bestfit Weibull distribution is used in estimating wind-power density, and when annual energy output
is assessed from a turbine’s power curve, which itself contains estimated values.
This study considered many such factors using the appropriate WindPro module to assess
the overall level of uncertainty involved in the results. Most of the sources of uncertainty
considered were systematic rather than random. They were biases inherent in how a particular
part of the study was conducted. The total uncertainty (σtotal) from all these sources, assuming
that each is independent of the others, can be defined by the equation:
J

σ total = ∑ σi

1/2
2

(24)

i=1

where σi is the calculated uncertainty for each of the various uncertainty sources (J) that are
taken into account (Taylor et al., 2004).
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DATA AND DERIVED RESULTS
Quality-Control Screening
Quality-control screening was performed for both the campus and the reference-station
data sets. For the campus data, 67% of the record remained after unusable entries were filtered
out. Most of the filtered-out data were in fairly large blocks and resulted from periodic
malfunction of the data logger. Because the four reference-station data sets were obtained from
files in the WindPro MCP module, a similar quality-control screening had already been
conducted for them. The WindPro program also made sure that when entries were deleted from
one data set the corresponding entries were also deleted from the other data set used in the MCP
analysis, thus ensuring that the correlations obtained would be as accurate as possible.

The Measure-Correlate-Predict Analysis
The overall results of the MCP correlations are presented in Table 3. The middle column
contains the correlation coefficients (r values) obtained when the campus data set was correlated
with the concurrent-period data from each of the four airport meteorological towers being
considered to serve as the study’s reference station. It shows that, when the coefficients for the
360 wind-direction sectors (1° each) were combined into a single r value, the Westerly and
Groton-New London data sets had slightly stronger correlations with the campus data than did
the data sets from Willimantic and New Haven airports. Although neither the Westerly nor the
Groton-New London r value is in the 0.9 or greater range considered ideal for a study of this
kind, the 0.80 correlation is still considered sufficiently strong to proceed with the analysis
(Gardner et al., 2009). A visual inspection of 12 wind-direction scatterplots (30° each) produced
for each of these two possible reference stations, showed the two sets of graphs to be quite
similar, with both airports having essentially equal patterns of correlation across the different
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compass sectors. These correlation values, therefore, could not be used as the basis for deciding
between Westerly and Groton-New London as this study’s long-term reference data source.

Table 3. Correlation results for four possible reference data sets.

CORRELATION (r-VALUE) USING DAILY AVERAGES
Airport Reference
Station

Campus Data vs. Airport Data
(concurrent period)

Campus Data vs. Long-Term
Predicted Wind Regime

Westerly
Groton-New London
Willimantic
New Haven

0.80
0.80
0.79
0.78

0.82
0.79
0.68
0.73

More useful for this purpose were the correlation coefficients shown in the last column of
Table 3. Here the campus data set has been correlated with the data sets obtained when each
airport’s historical wind statistics were adjusted on the basis of regression analysis to represent
the long-term predicted annual campus wind regime. In other words, each relationship between
campus and airport data over the concurrent period was applied to that airport’s long-term wind
statistics to yield a long-term average wind regime for the campus, which was then correlated
with the campus’s actual measured data. In general, the greater this second correlation, the more
successful the original correlation has been. In this analysis Westerly’s data yielded a positive
correlation of r = 0.82, whereas the correlation for Groton-New London was weaker, falling only
at the top of the moderately high correlation range (r = 0.79). This difference, showing that
Westerly produced a long-term adjusted data set more similar than Groton-New London’s to the
measured campus data, was the primary basis on which Westerly Airport was selected as the
long-term reference data source. Reinforcing this choice was the fact that, based on available
data, Westerly Airport’s somewhat inland location, its elevation of 24.7 m above sea level, and
its closely neighboring forest vegetation are much more similar to the Connecticut College
setting than are the very low-lying coastal features of Groton-New London Airport.
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To adjust the long-term reference data so as to predict the long-term wind regime
occurring at the college, the equations for best-fit linear regression lines were used, again looking
at all the different wind directions in the distribution. Figure 13 shows the long-term predicted
wind speeds throughout the year plotted on the same graph with the data collected from the oncampus anemometer. The two lines quite closely match one another, in keeping with their 0.82
correlation coefficient. The coefficient of determination is 0.67, meaning that 67% of the
measurement-period variation in wind speed at the college can be explained by the long-term
wind pattern. This suggests that the long-term wind regime for the area has been relatively stable
over the past 7 years, and that the 2009-2010 year in which campus data were collected was not
very atypical, a finding that raises the confidence level regarding this MCP analysis. The most
uncharacteristic campus wind during the measurement period appears to have been in winter.
Alternatively, this pattern could also mean that this is generally the time of year when the
college’s wind speeds deviate most from those of Westerly.

Winter
Fall
Summer
Spring

long-term predicted wind speeds for the site

measured wind speeds for the site

Figure 13. Long-term predicted and measured wind speeds for the campus at 5.8.m above ground level.
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Seasonal Variation and the Wind-Speed Distribution
Figure 13 also shows the seasonal variations in wind speed over the course of a year. It
confirms the expected pattern of significantly stronger wind from late fall to early spring
compared with those in summer. This seasonal variation would have been even greater if most of
the data for the month of February had not been lost due to a data-logger failure. Very likely the
absence of February data adversely affected the Weibull distribution k (shape) parameter. It also
lowered the mean annual wind speed obtained, which in turn affected the wind-power density
calculation by an even greater percentage amount because wind power is a cubic function of
wind velocity. Unfortunately, because no backup anemometer was available, the missing
February data could not be reconstructed. Nevertheless, the significant seasonal variation in wind
speed still seen in the data is beneficial when calculating wind-power density. This is due to the
value of having some substantially higher wind speeds to cube than those very close to the
overall mean annual velocity of 3.1 m/s at a height of 5.8 m above ground level.

Vertical Wind Gradient Extrapolations
Because the wind-speed data in Figure 13 are for an anemometer height of only 5.8 m,
they must be extrapolated to the higher elevations appropriate for wind turbines. The hypothesis
being tested in this study was for a hub height of 35 m, so an extrapolation was made to that
height. Values were obtained using three methods: the logarithmic model (inputting a surface
roughness length value of 0.4), the power-law equation (using a wind-shear exponent of 0.37,
which is based on a roughness length of 0.4), and the WAsP method, which allows both
orographic factors (hill sizes and shapes) and large objects that obstruct wind flow to be
considered separately from the general surface roughness of the terrain (whether the ground is
covered with mowed grass or tall weeds, for example). Using the WAsP method, the general
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surface roughness was set at a value of 0.03 because, stripped of its hill, buildings, and large
trees, which are now dealt with as separate entities, the largely lawn- and asphalt-dominated
landscape surrounding the data-collection mast resembled a Class 1 roughness terrain, which is
flat and very open, with few windbreaks. The porosity of the trees was set at the maximum value
of 0.9 because many trees were considered in clusters with substantial spaces between them. The
buildings were more difficult to evaluate for porosity. A large building could be set at 0 porosity
(considered a solid object) only when it was located more than about 80 m from the anemometer.
If positioned closer to the mast than this, WAsP viewed a 0-porosity academic building as such a
large, impenetrable obstruction to the wind that it determined that the true wind must be
exceedingly strong in order to achieve a yearly average speed of 3.1 m/s at the well-sheltered
mast. This difficulty arises because WAsP is not geared to analyzing wind turbine sites so
closely surrounded by large man-made structures (Taylor & Salmon, 1993; Bowen & Mortensen,
1996; Petersen et al., 1998b; WAsP, 2009). The porosity values assigned to buildings were
therefore calculated using a formula that took this problem into account. Whereas New London
Hall (at 88 m from the mast) and Olin Science Center (at 81 m) were both given porosity values
of 0, a porosity of 0.1 was added for every 10 m closer to the mast a building was within an 80-m
radius. This gave Bill Hall (at 51 m from the mast) a porosity value of 0.3, and Fanning Hall (at
25 m) a porosity value of 0.6.
As an additional aid in determining appropriate values to use in WAsP, a sensitivity
analysis was conducted. This involved systematically changing the values assigned to the various
elements in order to ascertain what the effects would be. Table 4 summarizes the results of this
sensitivity analysis. It shows how changes to various parameters in WAsP affected the
extrapolated average annual wind speed at 35.m above ground level. The surface-roughness
lengths were varied between 0.03 and 0.12, the building porosities between 0.4 and 0.8 for
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Fanning Hall and 0.1 and 0.5 for Bill Hall, and the tree porosities between 0.7 and 0.9. Also
shown are the results obtained when all parameters are set to yield the minimum, middle-value,
and maximum wind velocity, as well as the velocity obtained given the chosen settings. The
chosen settings are conservative ones because they are mostly minimum values except for the
two building porosities selected. In these cases it was decided that the minimum settings of 0.8
for Fanning Hall and 0.5 for Bill Hall were unrealistically high for such large, solid, granite
structures, saying that they were, respectively, 80% and 50% empty space. Midpoint settings of
0.6 and 0.3 were therefore chosen instead.
Table 4. Sensitivity analysis for wind-gradient extrapolation by WAsP.

Varying
Roughness
Length

Varying
Building
Porosity

Varying Tree
Porosity
Settings for
Min, Mid, &
Max Velocity
Chosen Values

Roughness
Length
0.03
0.06
0.09
0.12
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.03
0.075
0.12
0.03

Building Porosity
(Fanning/Bill)
.6/.3
.6/.3
.6/.3
.6/.3
.4/.1
.5/.2
.6/.3
.7/.4
.8/.5
.6/.3
.6/.3
.6/.3
.8/.5
.6/.3
.4/.1
.6/.3

Tree Porosity
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.8
0.9
0.9
0.8
0.7
0.9

Wind Velocity (m/s)
at 35m height
8.91
9.05
9.19
9.3
9.83
9.49
9.13
8.76
8.44
11.39
9.13
7.65
7.06
9.13
12.74
7.51

Table 5 shows the results of wind-speed extrapolations in 5-m increments from 10 to
125.m above ground level using not only the WAsP program but also the logarithmic model and
the power-law equation. The values obtained with the different methods are compared
graphically in Figure 14. As a check on the accuracy of WindPro’s calculations, values derived
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from the power-law method were determined both by WindPro and by hand. The differences
obtained were small, and in all instances where some discrepancy occurred, WindPro’s powerlaw extrapolations were the lower of the two. Because these differences increased slightly with
height above ground level, it could be that WindPro is intentionally making a small, downward
adjustment for extrapolations over larger distances. In any case, this comparison suggests that
WindPro’s wind-speed values are not inflated and can be used with some confidence.

Table 5. Wind-speed gradient extrapolations by three methods (power-law by WindPro and by hand).

Wind Speed (m/s)
Height (m)

Power-Law
(by WindPro)

Power-Law
(hand-calculated)

WAsP Method

Logarithmic
Model

5
10
15
20
25
30

2.9
3.8
4.4
4.8
5.2
5.6

2.9
3.8
4.4
4.9
5.3
5.7

3.1
3.6
4.8
6.1
6.8
7.3

2.9
3.7
4.2
4.5
4.8
5.0

35

5.9

6.0

7.5

5.2

40
45
50
55

6.2
6.5
6.7
7.0

6.3
6.6
6.9
7.1

7.7
7.8
7.9
8.1

5.3
5.4
5.6
5.7

60
65
70
75
80
85
90
95
100
105
110
115
120
125

7.2
7.4
7.6
7.8
8.0
8.1
8.3
8.5
8.7
8.8
9.0
9.1
9.3
9.4

7.4
7.6
7.8
8.0
8.2
8.4
8.5
8.7
8.9
9.1
9.2
9.4
9.5
9.7

8.2
8.3
8.4
8.4
8.5
8.6
8.7
8.7
8.8
8.9
9.0
9.0
9.1
9.2

5.8
5.9
5.9
6.0
6.1
6.2
6.2
6.3
6.4
6.4
6.5
6.5
6.6
6.6
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200
180

Height above Ground Level (m)

160
140

WAsP Method

120
Logarithmic Method
(roughness length = 0.4)

100
80

Power-Law Equation
(exponent = 0.37)

60

Power-Law Equation
(hand calculated)

40
20
0
0.0

2.0

4.0

6.0

8.0

10.0

12.0

Wind Speed (m/s)
Figure 14. Graphically comparing the wind-speed extrapolations given in Table 5.

As Table 5 indicates, for a hub height at 35 m, the logarithmic model yielded the lowest
value, producing a mean annual wind speed of 5.2 m/s. In contrast, the power-law equation as
calculated by WindPro produced a mean annual wind speed of 5.9 m/s at this hub height,
whereas the WAsP method produced the even higher average speed of 7.5 m/s. This significantly
higher mean velocity using WAsP (27% and 44% higher) can be at least partly understood in
terms of the approach that WAsP employs compared with the other two vertical extrapolation
methods. As discussed in the Methodology section, rather than using a single surface roughness
value or wind-shear exponent, WAsP focuses on factors contributing to form drag (the orography
of the site as well as the size, porosity, and positioning of its windbreaks) independently of the
area’s general surface roughness (or skin friction). The effects of this approach can be seen in
Figure 15, which more closely compares wind-gradient extrapolations by the WAsP and power55

law methods. The WAsP method (right-hand graph) produces a distinctly different-shaped curve
at lower elevations than does the power-law method (left-hand graph) precisely because of its
ability to consider form drag independently.
In the WAsP graph, the red curve is the one that takes into account the hill, buildings, and
large trees at the site, whereas the green curve is the wind-speed gradient as it would look if the
site was flat and lacked large objects (the site-independent reference climate). This green curve
has an exponential shape similar to the one for the power-law gradient, although its wind-speed
values are higher due largely to a higher starting point in such a barren terrain. An exponential
shape is probably an accurate representation of the wind-speed gradient when measurements are
taken where there are few if any major obstacles to the wind, a condition that applies to the green
WAsP curve but not to the power-law one. In contrast, the red, site-specific WAsP curve has a
shape that reflects the presence of obstacles at lower elevations. With this gradient, wind speed
increases rather slowly for the first 5 m, but then the rise is much more rapid between 10 and
25.m above ground level as the wind is increasingly freed from the influence of trees, buildings,
and turbulent air surrounding them. The quite rapid increase in wind speed with height over this
range of elevations could be observed on many days when the wind at the anemometer was too
weak to be recorded, yet the flag on the nearby 15-m flagpole was extended far enough out to
create an estimated 40° angle with the pole, indicating a wind speed of about 4 m/s aloft (Dept.
of Army, 1994). The relative movement of nearby tree leaves at lower and higher elevations
suggested the same rapidly rising wind-speed gradient. Thus, the site-specific WAsP curve
seems to model the wind shear in this part of the campus quite well, having taken into account
very large (10 to 15 m tall) obstructions that almost certainly have a major effect on the wind
regime there. Only at heights where these obstructions and their heaviest turbulence are cleared
does this gradient begin to rise with the same steep slope as the reference curve does.
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Power-Law Equation Method

WAsP Method

Figure 15. Comparing wind-speed gradient extrapolations by the power-law equation and by WAsP.

57

Just as wind speed is partly a function of height above ground level, it is also partly a
function of the wind’s compass direction. This is one of several wind-direction relationships that
are best summarized using a wind rose. Three wind roses for the campus site are shown in
Figures 16, 17, and 18. Because all three were produced with data derived using the more
complex WAsP method of extrapolation, the wind speeds given are different from those that
would be produced using the logarithmic model or the power-law equation. The exact
magnitudes of the wind speeds, however, are not as important as the basic relationships that are
shown, which are how wind speed, wind frequency, and wind-energy density vary with the
direction of the wind.
In all these wind roses the color green represents the site-independent reference wind
climate at 35 m above ground level. It estimates what the wind regime would be at this elevation
if the hill, the buildings, and all the large trees were removed from the area under study. That
wind regime is referred to as a reference climate because it provides a basis of comparison with
the wind at the site as it actually exists, meaning the site when all the orographic elements,
buildings, and trees are in place. The wind regime at 35 m with these factors taken into account
is depicted in blue in these charts.
Looking first at the wind rose relating mean wind speed to wind direction (Figure 16), the
strongest wind streams come from the south-southwest and variants of the northwest. Sitespecific annual wind speeds average roughly 10 to 11 m/s from these directions. It is likely that
some of the difference between the actual site conditions and the reference climate is due to wind
acceleration occurring as the breeze flows through the relatively narrow gaps between New
London Hall, Fanning Hall, and Olin Science Center to the anemometer’s northwest, and
between Fanning Hall and Bill Hall to its southwest (Lam et al., 2008). This is a natural “tunnel
effect” that occurs as a moving fluid is forced through a restricted opening (Danish Wind Power
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Industry Association, 2003). Although wind at 35 m aloft is not directly influenced by this effect,
it is indirectly influenced because the acceleration at lower elevations pulls the wind-speed
gradients for these particular directional sectors farther to the right on a graph like the ones in
Figure 15. More directly influencing wind strength at 35 m from a south-southwesterly direction
may be the hill effect. The average wind from this compass point is nearly 1.5 m/s faster when
the campus hill is taken into account than when this hill is hypothetically removed (the blue bar
versus the green bar). Although it is impossible to gauge the magnitude of this effect without
placing anemometers at different points along the hill’s slope, an effect of some significance is at
least suggested by the present wind-rose data. The same effect may also be occurring on the
opposite side of the campus hill as wind from a generally northeast direction flows up this hill on
the Mohegan Avenue side of the campus.

Figure 16. Mean annual wind speeds in m/s at 35 m above ground level shown as a function of 12 winddirection sectors. The wind regime at the measurement site is indicated in blue, whereas the siteindependent reference wind climate is indicated in green.
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Looking only at a mean-annual-velocity wind rose can sometimes be misleading because
it does not indicate the percentage of time that the wind blows from the various directions. This
frequency information is given in the wind rose in Figure 17. It shows that northerly is by far the
most common wind direction at Connecticut College, accounting for 38.6% of the wind regime
there. The fact that this wind direction makes up closer to 40% of the annual wind resources in
the site-independent reference climate is probably attributable to the fact that turbulence from the
large Olin Science Center, which was assigned a porosity of 0 in the WAsP analysis, is seen as
blocking and diverting some of the northerly wind even at 35 m above ground level, a vertical
distance of slightly more than twice the building’s height. This is not surprising given the
previous discussion of wind turbulence and the rule of thumb that it extends for at least two
times a building’s height above that building’s rooftop, which in this case would be to an
elevation of 45 m above ground level.

Figure 17. Mean annual wind frequencies in percentage terms at 35 m above ground level shown as a
function of 12 wind-direction sectors. The wind regime at the current measurement site is again indicated
in blue, whereas the site-independent reference wind climate is indicated in green.
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Some of the other information contained in Figure 17 is also important in a wind-resource
analysis. One is the fact that, although winds from variants of a northwesterly direction have
high mean velocities based on Figure 16, they are not particularly frequent. Wind from the westnorthwest barely shows on the frequency wind rose, and wind from the north-northwest is only
slightly more common. Significantly more frequent is wind from the south-southwest (the major
hill-effect direction). It accounts for about 17.5% of the total annual wind at 35 m above ground
level, making it the campus’s second most common wind direction.
Probably the most valuable wind rose for studying the feasibility of a wind turbine
project is the one in Figure 18. It shows the annual energy density contained in the wind
measured in kilowatt hours per square meter (kWh/m2) as a function of 12 wind-direction
sectors. As before, the measurements are extrapolated to 35 m above ground level, the possible
hub height of a small wind turbine. This chart takes into account both the wind-speed and windfrequency information contained in Figures 16 and 17, using it to calculate the amount of energy
that can be expected from each of the various wind directions.
Figure 18 shows that, although wind from the north on average is not very high in speed
(mean about 6.5 m/s), it is so frequent that this wind direction provides the most energy at the
site, roughly 1800 kWh/m2 annually. For opposite reasons, wind from the south-southwest
comes in a very close second as the most energy-dense. While not being as frequent as wind
from the north, it has significantly higher average velocity, so its energy at 35 m aloft averages
1750 kWh/m2 a year. As expected, this mean annual energy density is greater when the hill at the
site is taken into account than when the hill is hypothetically removed (a difference of about 500
kWh/m2 annually). The difference in percentage terms is much greater than the difference
between actual and reference climate wind speeds from this direction because velocity becomes
cubed in the energy density equation. These relationships highlight the value of siting a wind
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turbine on a hilltop. Also of interest in Figure 18 is wind from the north-northwest. It occurs only
about 10% of the time according to Figure 17, but because its average speed is roughly 10.5 m/s
it contains about 1150 kWh/m2 of energy yearly. Summing up the data overall in Figure 18, this
energy rose suggests that any turbine installed at Connecticut College should be in a location that
maximizes wind from the north to north-northwest as well as from the south-southwest.

2

Figure 18. Mean annual wind energy density in kWh/m at 35 m above ground level shown as a function
of 12 wind-direction sectors. The wind regime at the current measurement site is again indicated in blue,
whereas the site-independent reference wind climate is indicated in green.

To calculate the wind’s energy density, as was done to produce Figure 18, the overall
wind-speed distribution must be taken into account because doing so always yields a larger and
more accurate energy value than can be obtained by simply considering the mean wind velocity
and frequency for each of the various wind-direction sectors. Consequently, another important
part of this study’s analysis was to define the variation in the long-term-adjusted wind regime
using Weibull distribution parameters. Figures 19 and 20 show the Weibull distributions for
wind speeds at a 35-m height extrapolated using the power-law equation and the WAsP method.
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Power-Law-Extrapolated Wind Speeds at 35 m:

c = 6.61; k = 1.689; Vmean = 5.9

Figure 19. Weibull distribution of wind speeds at the study site extrapolated to 35 m above ground level
using the power-law equation.

WAsP-Extrapolated Wind Speeds at 35 m:

Figure 20. Weibull distribution of wind speeds extrapolated to 35 m using WAsP. Site-independent
reference data in green, current site data in blue. In this key the scale parameter (c) is referred to as A.
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A comparison of these two graphs shows some significant differences between them. As
with the wind roses presented in Figures 16 to 18, the WAsP-derived Weibull distribution
includes two data sets: the site-independent reference climate wind speeds (plotted in green) and
the wind speeds for the current site (plotted in blue). The power-law-derived distribution, in
contrast, includes only current-site data. For the power-law data the annual mean is 5.9 m/s, for
the WAsP reference-climate data it is 7.0 m/s, and for the WAsP current-site data it is 7.5 m/s.
These averages match those in Figure 15. The average wind speed is related to the spread of the
associated distribution (described by the Weibull c parameter). As the mean velocity increases,
the plot shifts rightward toward the greater wind speeds, and simultaneously the height of the
graph in the lower-velocity range becomes shorter. Thus, the WAsP current-site distribution is
shorter on the left and has a longer tail on the right than does the WAsP reference-climate
distribution, which in turn is shorter on the left and longer on the right than the power-law
distribution.
The most important factor to consider in these Weibull distributions is the k parameter,
which significantly affects the power- and energy-density calculations. The power-law
distribution has a k parameter of 1.689, the WAsP reference-climate distribution has a k
parameter of 1.476, and the distribution for the WAsP current-site data has a k parameter of
1.486. Using equation 14, each of these k parameters can be used to calculate an energy pattern
factor (EPF), which in turn can adjust the value of V in power-density calculations so that the
cube effect is taken into account. The k parameter for the power-law distribution produces an EPF
of 2.31, the k parameter for the WAsP current-site distribution produces an EPF of 2.76, and the k
parameter for the WAsP reference-climate distribution produces an EPF of 2.78. All these values
are summarized in Table 6, which also shows the power densities associated with each
distribution. These were calculated using equation 21 and an air density equal to 100.6% of the
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standard sea-level value, or 1.2324 kg/m3. The power-law data produce the lowest power
density, and the WAsP current-site data produce the highest power density. These differences in
power density are a function of both the differences in mean annual wind speed involved and the
differences in the Weibull k parameters.

Table 6. Effects of mean wind speed and Weibull k parameter on annual power density.

Weibull distribution
for data at 35m
extrapolated using:
Power-Law Equation
Current Site
WAsP Method
Reference Climate
WAsP Method
Current Site

Mean Annual
Wind Speed ( m/s)

Weibull k
Parameter

Energy Pattern
Factor (EPF)

Power
Density
(W/m2/yr)

5.9

1.689

2.31

292

7.0

1.476

2.78

588

7.5

1.486

2.76

717

The importance of the k parameter by itself is best illustrated by holding wind speed
constant. This is done in Table 7 for the power-law distribution and the WAsP current-site
distribution using a mean annual wind speed of 6.7 m/s, which is an average of the two actual
velocities, 5.9 m/s and 7.5 m/s. As can be seen, the WAsP current-site k parameter is only 12%
smaller than the power-law one, but it produces a 19% larger energy pattern factor, which yields
a 19% larger power density. Thus, even a relatively small difference in the Weibull k parameter
can make a significant difference in the annual power per square meter that the wind contains.
This k parameter difference is due to the fact that the wind distribution associated with the WAsP
extrapolation to a 35-m height was more varied than the one associated with the power law
extrapolation. As a result, the WAsP distribution was able to take greater advantage of the cube
effect in the power-density equation because of a greater frequency of very high wind speeds.
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Table 7. Comparing the effects of Weibull k parameters on power-density calculations
with the wind speed held constant.

Weibull distribution
for data at 35m
extrapolated using:
Power-Law Equation
Current Site
WAsP Method
Current Site

Mean Annual Wind
Speed (m/s)

Weibull k
Parameter

Energy Pattern
Factor (EPF)

Power
Density
(W/m2/yr)

6.7

1.689

2.31

428

6.7

1.486

2.76

512

One last step remaining in the wind-resource analysis is to calculate the energy density
contained in the wind. This is the number of kilowatt hours per square meter of area over the
course of a year. These energy-density values are shown in Table 8 using data extrapolated to
different hub heights by means of both the power-law equation and the WAsP methodology. As
expected based on both the wind-speed gradients shown in Figure 15 and the Weibull k
parameters and energy pattern factors shown in Table 6, energy density based on the WAsP
method of extrapolation exceeds that based on the power-law equation for most of the vertical
distances above ground level shown. The two energy-density values become equal only at a
height of roughly 150 m, after which the power-law extrapolation begins to surpass in magnitude
the extrapolation based on the WAsP method. Such a height, however, is taller than almost every
hub height, even for very large commercial wind turbines, although it does fall within the
maximum tip height of some of the largest of these. In any case, the annual energy density
associated with each height in Table 8, when multiplied times the swept area (in m2) of a
particular turbine’s blades, determines the amount of wind energy available to that turbine
annually. This value multiplied by a suitable energy conversion efficiency factor for the turbine
being considered will yield a reasonable estimate of that turbine’s annual energy output in
kilowatt hours (Gipe, 2004).
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Table 8. Annual wind energy density as a function of height above ground level
using two methods of data extrapolation, the power law and WAsP.

Height above
Ground Level
(m)
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200

Annual Wind Energy Density (kWh/m2)
Using Data Extrapolated by:
Power-Law Equation
(wind shear
WAsP Method
exponent = 0.37)
370
504
763
742
1145
1684
1513
3248
1869
4451
2212
5164
2544
5582
2867
5863
3181
6073
3488
6248
3788
6430
4082
6593
4370
6757
4654
6902
4934
7037
5211
7170
5484
7294
5754
7405
6021
7516
6287
7627
6550
7774
6811
7920
7070
8057
7328
8189
7584
8314
7839
8434
8093
8548
8345
8655
8597
8763
8847
8862
9097
8959
9346
9052
9593
9143
9840
9230
10086
9313
10331
9394
10575
9473
10819
9549
11061
9622
11303
9693
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DISCUSSION OF THE COLLEGE WIND REGIME
Assessing Mean Annual Wind Speed and Power Density
The results presented provide some evidence in support of this study’s hypotheses. The
measured mean annual wind speed on campus extrapolated to a height of 35 m appears to be at
least 0.3 m/s (6%) greater than the 4.9 m/s mean estimated in the Global Energy Concepts report
(GEC, 2006). This velocity in excess of the GEC estimate comes from the logarithmic method of
extrapolation, which put the mean annual wind speed for this hub height at 5.2 m/s. This value
falls within the hypothesized range of 5.1 to 5.4 m/s. The power-law and WAsP methods of
extrapolation, moreover, both estimated the average annual wind speed to be well in excess of
this hypothesized range. Using the power-law equation, mean annual wind speed at 35 m above
ground level was estimated at 5.9 m/s, whereas WAsP estimated the annual mean velocity at
7.5.m/s. The first of these much more optimistic estimates is 20% higher than the GEC one,
while the second is 53% higher.
This study’s hypothesis regarding the annual power density contained in the college’s
wind at a height of 35 m was also supported by the results. Apparently, because of significant
variations within the wind-speed distribution, including seasonal ones, a quite favorable Weibull
k parameter seems to be associated with the wind resources at Connecticut College, even more
so than initially hypothesized. Whereas a Weibull k parameter about 7 to 8% lower than a typical
value of 2.0 was expected (roughly k = 1.85) due largely to the college’s coastal location
(Eldridge, 1980; Lange et al., 2004), Table 6 shows actual calculated k parameters in the range of
1.5 to 1.7. Equation 14 indicates that the lower the Weibull k parameter the greater the energy
pattern factor (EPF) associated with a wind regime and therefore the greater the wind-power
density for any given mean wind speed. Although this Weibull k-parameter range of 1.5 to 1.7 is
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subject to uncertainty, as will be discussed shortly, the originally hypothesized value of 1.85
does not seem unreasonable for the site. This value yields an energy pattern factor of 2.08,
which, assuming air density of 1.2324 kg/m3 and using the lowest mean annual wind speed
obtained for a 35-m height (5.2 m/s), produces an annual power density of 180 W/m2, which is
within the hypothesized range of roughly 180 to 185 W/m2. The GEC study did not estimate a
specific power-density value. However, assuming that report’s estimated mean annual wind
speed of 4.9 m/s at a hub height of 35 m, and also assuming a Weibull k parameter of 2.0, which
is typically used for a temperate climate when the actual k value is unknown, the power density
according to GEC’s expectations would be only in the range of 140 W/m2/yr, about 22% lower
than it appears to be from the data that were collected, even using conservative values for both
the mean annual wind speed and the k parameter.
It is not easy to evaluate which of the various wind-speed and wind-power density values
obtained in the current study are the most accurate ones. The roughness length value (0.40) that
was used with the logarithmic model was quite conservative given the many tall windbreaks
(both buildings and trees) closely surrounding the campus anemometer. An equally conservative
wind-shear exponent of 0.37 was calculated from this 0.40 roughness length. In wind studies at
similar sites in New England, the wind-shear exponents measured using anemometers at multiple
heights have often been significantly larger. For example, the wind-shear exponent that the
Renewable Energy Resource Laboratory at the University of Massachusetts Amherst calculated
for the school’s Dartmouth campus was 0.48, or 30% larger (Chase et al., 2010). This campus,
which is located along the southern shore of Massachusetts, is very similar to the Connecticut
College’s campus in the size and spacing of its trees and buildings, as well as its proximity to the
coast. However, since UMass Dartmouth is not located on the crest of a large hill, as Connecticut
College is, it lacks Connecticut College’s orographic elements, which also contribute to surface
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roughness in the power-law method of extrapolation. It would therefore be expected that the
wind-shear exponent appropriate for Connecticut College would be closer to UMass
Dartmouth’s 0.48 than it is to 0.37. Thus, the factors entered into the logarithmic and power-law
equations to extrapolate mean annual wind speed at hub height cannot be considered unduly high
on the basis of these comparisons. Had there been only these two methods to use, with the larger
of the two results only 13% higher than the smaller one, a reasonable approach might have been
to average the two and consider 5.6 m/s a working mean annual wind speed at 35 m above
ground level.
However, there is also the WAsP mean annual wind speed to take into account. Both the
logarithmic and power-law methods of extrapolating to 35 m suffer from not being as sitespecific as the WAsP method. Their estimates of the wind-speed gradient are based solely on a
single roughness length or wind-shear exponent value, which tries to simultaneously consider
both the skin friction and form drag components of wind resistance forces. The WAsP approach,
in contrast, takes form drag into account independently of skin friction by considering separately
the site’s orography as well as the size, positioning, and porosity of all the larger-scale
obstructions to the wind that are found there. This approach gives the WAsP-derived wind-speed
gradient what appeared to be a fairly realistic shape. As shown previously in Figure 15, the
extrapolated wind speed using WAsP increases quite rapidly with height at lower elevations as
the airflow escapes substantial form drag due to the turbulence and wind resistance resulting
from many large trees and buildings. The WAsP approach, however, is not without its
drawbacks. The program seems to have difficulty estimating the drag coefficients (Cd) for a site
that contains so many large, solid windbreaks. Because most wind turbines would never be built
at such a densely settled location, there is no reason for WAsP to be designed to handle these
conditions with ease. As a result, the benefits of WAsP as a wind-analysis tool appear to be
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somewhat negated by its application to a rather inappropriate data-collection site. However, it is
difficult to determine exactly to what extent this problem adds uncertainty to the WAsP
methodology’s estimated average wind-speed values.
One way to address this issue is to try to estimate, using other methods, how much the
wind speed at the anemometer was reduced due to large, closely positioned buildings blocking
the wind, especially from prevailing directions. None of these windbreaks adhere to the common
standard of being at least 10 times their height away from the anemometer. Instead, these
buildings are only 2 to 6 times their height away from where the wind-speed measurements were
taken. This almost certainly had some effect on the mean annual wind speed recorded at the
mast, as well as on the Weibull distribution k parameter. When a large obstacle perpendicular to
the wind stream is 10 times its height away from the anemometer, it generally reduces the
recorded wind speed by about 6%. At the closer horizontal distance of 5 times the obstacle’s
height, the reduction in wind speed is approximately 17% (Bailey et al., 1997). Taking into
account gaps between buildings and oblique angles to the wind, a 15% overall reduction in wind
speed would be a reasonable estimate, making the mean annual wind speed at the 5.8-m mast
height more in the range of 3.6 to 3.7 m/s than the calculated 3.1. Starting with this velocity at a
5.8 m height above ground level, the mean speeds extrapolated to 35 m would be 6.1 m/s for the
logarithmic model and 7.1 for the power law. This would put the WAsP extrapolation a more
reasonable 14% above the average of the other two, making it no longer appear to be such an
outlier value.

Assessing the Hill-Effect Acceleration
Another of this study’s hypotheses to which the data provided support is the idea that a
hill effect may be a significant factor raising the college’s average annual wind speed at a 35-m
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hub height to a value higher than the 4.9 m/s estimated in the GEC report. This effect was
mentioned briefly when presenting Figure 16, the wind rose showing mean annual wind speed as
a function of 12 different wind-direction sectors. As this figure derived from the WAsP analysis
indicated, the average wind velocity at 35 m from the south-southwest is roughly 18% faster
when the campus hill is present than when this hill is hypothetically removed to create a
generalized wind reference climate.
This acceleration effect exists not only at 35 m, but at higher elevations as well, as shown
in the first row of graphs in Figure 21, the WAsP wind-speed gradients in each of 12 compass
directions, covering a range of heights above ground level from 5.8 m (the anemometer height)
to 200 m. As in previous graphs of this type, the mean annual wind speed extrapolated for the
actual site is indicated in red, whereas green is used to represent the wind gradient as it would
exist if the same area had no orographic features and no obstacles that act as windbreaks. The
first row of three graphs shows wind from the south-southwest, the west-southwest, and the west.
In all three cases, the wind-speed gradient for the actual site is significantly to the right of the
reference-climate gradient even at very high elevations (in excess of 150 m). Although these
graphs are not proof that a significant hill effect occurs, it is generally indicative of one because
orography is the simplest explanation of the wind acceleration occurring here. Interestingly, a
similar though somewhat weaker effect is seen in the top three graphs on page 74, those showing
wind from the north-northeast, east-northeast, and east. These are all directions in which wind
flows up the college’s hill on the Thames River side of the campus. However, because northeast
is an infrequent wind direction, this second area of wind acceleration is nowhere near as
important to a wind-power project as the one that occurs from the southwest.
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Figure 21. WAsP wind-speed gradient extrapolations as a function of wind-direction sectors.
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FURTHER EXPLORING WIND-POWER FEASIBILITY
Some 35-m Hub-Height Options
Among the options for a 35-m hub height turbine on the Connecticut College campus is
one of 100-kW size, which is the size that GEC recommended. The GEC report (2006)
concluded that the only place to site this turbine was just south of the tennis courts at the
southern end of the main campus. To keep a safety setback zone entirely within the college’s
boundaries, GEC suggested lowering the hub height to 32 m and finding a turbine with a
maximum rotor diameter of 20 m. The company also suggested using a minimum setback of 1.0
times the maximum tip height (MTH) of the rotor blades, a setback that would encompass the
fall zone of turbine parts in the event of a structural failure, but not the additional buffer zone
needed to protect against ice-throw from the rotor’s blades in windy winter conditions. For this
additional safety setback, which is typically considered standard, a zone with a radius of 1.5
times the maximum tip height would have to be created around the turbine tower. Given GEC’s
initially proposed site, a distance this large would extend across Williams Street, a public road,
and therefore likely create permitting problems. So the recommended site was moved eastward
until the entire safety zone was within college property. This location made the turbine a very
dominant object at the southern end of Tempel Green, thus raising aesthetic concerns regarding
its visual impact. Also, the turbine was projected to produce only an estimated 60,000 to
100,000.kWh a year, which represents only about 0.4 to 0.6% of the college’s current annual
electrical power consumption of some 15 million kWh (Cabaniss, 2009).
Despite these strong reasons to reject a 35-m hub height option on the college’s main
campus, such a project was reanalyzed to see if a more modern turbine might at least be able to
produce more electrical energy for the school. The WindPro database was searched to find a
turbine with a power curve well matched to the calculated wind-speed distributions on campus,
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both the one produced by the WAsP methodology and the power-law-derived one. The chosen
turbine was the German-made Fuhrländer 100 kW machine, which is also sold in North America.
It has a hub height of 35 m and a rotor 21 m in diameter, making its maximum tip height 45.5 m
above ground level. A safety zone of 1.5 times the maximum tip height would therefore have a
radius of 68.25 m. As the blades swept downward, their minimum height above the ground
would be 24.5 m. This would put them about 10 m above the tops of the buildings in this part of
campus. All these statistics for the Fuhrländer 100-kW turbine are summarized in Table 9.

Table 9. The Fuhrländer 100-kW turbine.

Turbine

Power
Rated
(kW)

Hub
Height
(m)

Rotor
Diameter
(m)

Maximum
Tip Height
(MTH)
(m)

Safety Zone
Radius
(1.5xMTH)
(m)

Blade Height
Above
Ground Level
(m)

Fuhrländer

100

35.0

21.0

45.5

68.3

24.5

Table 10 shows that, given this study’s estimates of higher mean wind speeds at
Connecticut College than GEC calculated, and also given the Fuhrländer turbine’s slightly larger
rotor than the model that GEC proposed, the energy output with this 100-kW option is
somewhere between 2 and 5 times greater than the amount that GEC expected (226,000 to
311,500 kWh/yr versus 60,000 to 100,000). The reason why the estimated energy yield is 38%
greater when the WAsP data are used versus the power-law data is a function of both the higher
wind energy density calculated by the WAsP methodology and the fact that the Fuhrländer
turbine’s power curve better matches the wind-speed distribution that WAsP determined for the
site. This second factor produces a higher capacity factor using the WAsP data, a capacity factor
being the ratio of the actual energy generated to the maximum possible energy if the turbine
operated constantly at its full rated power (Ackerman & Søder, 2005). Still, even using the
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WAsP data, the amount of electrical energy as a percentage of the school’s total usage remains
extremely small, only 2.1% of 15 million kWh.

Table 10. The Fuhrländer 100-kW turbine’s energy yields calculated by integrating the WAsP and powerlaw wind-speed distributions over the turbine’s power curve.

Turbine

Mean Wind
Speed at
Hub Height
(m/s)

Fuhrländer
100 kW

7.5

WAsP Data
Annual
Capacity
Energy
Factor
Output
(%)
(kWh)
35.5

Percent of
Total
Usage
(%)

Mean Wind
Speed at
Hub Height
(m/s)

2.1

5.9

311,500

Power-Law Data
Annual
Capacity
Energy
Factor
Output
(%)
(kWh)
25.8

Percent of
Total
Usage
(%)

226,300

1.5

Because the estimated energy yield is so low with a 100-kW turbine, a significantly
larger turbine was tried in the same location, keeping the hub height at 35 m above ground level.
The make and model selected was a Vestas 600-kW turbine. Its six-fold greater rated power
compared with the Fuhrländer 100-kW machine comes from a variety of factors, a major one
being that the Vestas rotor has a diameter twice the size of the Fuhrländer’s (42 m versus 21 m).
In all energy output calculations, the rotor’s swept area is a critical component because this is
what captures the available wind. However, the larger rotor of the Vestas 600-kW turbine
requires a larger safety zone, one with a radius of 84 m. Also, because this turbine’s rotor is so
large relative to the tower height, the blade height above ground level is only 14 m. These basic
statistics for the Vestas turbine are given in Table 11.

Table 11. The Vestas 600-kW turbine.

Manufacturer

Power
Rated
(kW)

Hub
Height
(m)

Rotor
Diameter
(m)

Maximum
Tip Height
(MTH) (m)

Safety Zone
Radius
(1.5xMTH)
(m)

Blade Height
Above
Ground Level
(m)

Vestas

600

35.0

42.0

56.0

84.0

14.0
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As Table 12 shows, the Vestas 600-kW turbine has roughly 5 to 5.5 times the energy
output as the Fuhrländer 100-kW does, depending on whether WAsP or power-law data are used
in the calculations. This is despite the fact that the Fuhrländer and the Vestas have exactly the
same 35 m hub height. Because the Vestas is quite a large machine, its energy yield over the
course of a year is fairly significant – an estimated 11.3% of the college’s total electrical usage
when WAsP data are used, and 7.4% given power-law data.

Table 12. The Vestas 600-kW turbine’s annual energy yields calculated by integrating the WAsP and
power-law wind-speed distributions over the turbine’s power curve.

Turbine

Mean Wind
Speed at
Hub Height
(m/s)

Vestas
600 kW

7.5

WAsP Data
Annual
Capacity
Energy
Factor
Output
(%)
(kWh)
32.3

1,697,800

Percent
of Total
Usage
(%)

Mean Wind
Speed at
Hub Height
(m/s)

11.3

5.9

Power-Law Data
Annual
Capacity
Energy
Factor
Output
(%)
(kWh)
21.0

Percent
of Total
Usage
(%)

1,106,400

Nevertheless, there are several significant drawbacks to the Vestas 600-kW option sited
in this part of campus. One is the fact that the large rotor blades sweep so low that their
minimum height above ground level is actually less than the heights of the tallest surrounding
trees and buildings. This means that the turbine’s blades would almost certainly experience
vibration and unequal loading due to turbulence from these large objects, creating an inordinate
amount of wear and tear on the rotor that would not only raise maintenance costs, but could also
significantly shorten the turbine’s useful life span (Chiras et al., 2009).
Although the turbulence factor alone is sufficient to reject this option, there is also the
visual impact to consider. Figure 22 is an aerial photo with topographic lines superimposed
showing where the turbine would have to be positioned for its safety zone to be contained within
the college’s boundaries. The red dot is the Vestas 600-kW turbine, and the red circle
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7.4

surrounding it is the safety zone with a radius of 84 m required to meet the standard of 1.5 x
maximum tip height. As a point of comparison, the green dot and green circle around it shows
how much farther west the Fuhrländer 100-kW turbine with its smaller rotor could be positioned
and still put a 1.5 x MTH safety zone inside the school’s property line. Both these sitings place
the turbine very near the southern end of Tempel Green, thus obstructing the traditional view
across the green to Long Island Sound in the distance. A computer rendering of how the Vestas
600-kW turbine would look to a person standing at the northern end of the green is shown in
Figure 23. The rotor is positioned with the wind coming from a south-southwest direction, which
is the most frequent direction during most of the daytime hours in non-storm conditions, and so
represents how the turbine would most commonly appear. Despite strong support for renewable
energy at the college, it is unlikely that most members of the college community would favor
putting a turbine of this size in such a prominent and scenic spot on campus.

Safety Zones
Fuhrländer 100kW
Vestas 600kW

Figure 22. Positioning and safety zones for the Vestas 600-kW and Fuhrländer 100-kW turbines.
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Figure 23. Computer rendering looking south to a Vestas 600-kW turbine
sited at the southern end of campus.

Larger Turbine Possibilities: Siting and Energy Yields
There is no location on the main campus of Connecticut College that could accommodate
a wind turbine larger in height and rotor diameter than the Vestas 600 kW. The main campus is
too densely developed to consider larger wind-power options for it. That is why other sites on the
campus’s 750 acres were explored as alternate possibilities. The most promising of these is a
location in the arboretum on the west side of Williams Street, the north-south-oriented road that
also borders the main campus. Figure 24 is an aerial view of this location relative to Williams
Street and the north end of the campus. The suggested site in the arboretum is marked with a red
rotor icon. This location is approximately 600 m northwest of the school’s north parking lot.
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Figure 24. Proposed arboretum site for a wind turbine.

A major advantage of this site is that two access routes to it already exist. One is an
unpaved road, about 5 m wide, that extends northwest off Gallows Lane just west of the former
DNA EpiCenter building. The other is a right-of-way approximately 7 m wide that is kept
cleared of large vegetation because of a natural gas line that extends through this part of the
arboretum. The proposed turbine site is at a high elevation (69.7 m above sea level) just to the
north of this gas-line right-of-way, which is visible in Figure 24 as a dark line extending
southeast through the forest to the intersection of Old Norwich Road and Bentham Avenue. The
right-of-way forms a partially cleared route for electrical cables to be laid from the turbine as
long as adequate separations from the gas line are maintained. This right-of-way can also be seen
in Figure 25, a wintertime photo looking southeast down it. The land along this route is gently
sloping and contains no large boulders. Only 0.5-m-tall grasses and weeds plus the closest trees
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bordering the route (no more than 10 m tall) would need to be cleared to enable the laying of
cables from a wind turbine to the campus electrical grid. The distance from the proposed site to
the nearest grid connection point is no more than 1000 m.

Figure 25. View looking southeast along the gas line right-of-way to the proposed turbine site in the
Connecticut College arboretum.

Table 13 shows the specifications for three possible turbines larger in size than the
600.kW Vestas model previously considered for the south end of the main campus. The rated
power of the one from GE Wind Energy is 1500 kW (1.5 MW); a Vestas model is rated for
3000.kW (3.0 MW); and a turbine manufactured by Gamesa has a power rating of 4500 kW
(4.5.MW). The GE and Vestas turbines have the same hub height of 80 m but differ somewhat in
their rotor diameters (82.5 m versus 90 m respectively). They therefore also differ in their
maximum tip heights (121.3 m versus 125 m), their blade height above ground level (38.8 m
versus 35 m), and the radius of their safety zones (181.9 m versus 187.5 m). The Gamesa turbine
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is significantly larger, having a hub height of 120 m, a rotor diameter of 128 m, a maximum tip
height of 184 m, a blade height above ground level of 56 m, and a safety zone radius of 276 m.
However, this is a new model from Gamesa with a modular design that purportedly is as easy to
ship and install as a 2000 kW (2.0 MW) turbine while offering lower cost per kilowatt.

Table 13. Statistics for three turbines: the GE 1.5 MW, the Vestas 3.0 MW, and the Gamesa 4.5 MW.

Manufacturer

Rated
Power
(MW)

Hub
Height
(m)

Rotor
Diameter
(m)

Maximum
Tip Height
(MTH)
(m)

Safety Zone
Radius
(1.5xMTH)
(m)

Blade Height
Above
Ground Level
(m)

GE Wind Energy

1.5

80.0

82.5

121.3

181.9

38.8

Vestas

3.0

80.0

90.0

125.0

187.5

35.0

Gamesa

4.5

120.0

128.0

184.0

276.0

56.0

The power curves for all three of these turbines fit the wind distributions for the campus
quite well. These distributions extrapolated to 80 m and 120 m above ground level using both the
power-law and WAsP methods are shown in Figures 26 and 28. The mean annual wind speeds
using the power-law equation are 8.0 m/s at an 80-m elevation and 9.3 m/s at 120 m, whereas
WAsP calculates the mean velocities at these heights to be 8.5 m/s and 9.1 m/s. The Weibull k
parameters also differ using these two methodologies: 1.97 and 2.20 for the power-law windspeed distributions at 80 and 120 m versus 1.58 and 1.62 for the WAsP distributions at the same
heights. The three power curves against which these Weibull distributions can be compared are
shown in Figures 27 and 29.
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Power-Law Extrapolated Wind Speeds at 80 m:

c = 8.98; k = 1.97; Vmean = 8.0

WAsP Extrapolated Wind Speeds at 80 m:

Figure 26. Power-law and WAsP-derived Weibull distributions for wind at 80 m above ground level.
In the lower-graph text box, the scale parameter (c) is symbolized A.
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Power Curve for GE 1.5 MW Turbine (80-m hub height)

Cut-in speed: 3 m/s
Rated power achieved: 12.5 to 20 m/s
Cut-out speed: >20 m/s

Power Curve for Vestas 3.0 MW Turbine (80-m hub height)

Cut-in speed: >3 m/s
Rated power achieved: 15 to 25 m/s
Cut-out speed: >25 m/s

Figure 27. Power curves for the GE 1.5 MW and Vestas 3.0 MW turbines, each with a hub height of 80 m.
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Power-Law Extrapolated Wind Speeds at 120 m:

c = 10.46; k = 2.20; Vmean = 9.3

WAsP Extrapolated Wind Speeds at 120 m:

Figure 28. Power-law and WAsP-derived Weibull distributions for wind at 120 m above ground level.
In the lower-graph text box, the scale parameter (c) is symbolized A.
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Power Curve for Gamesa 4.5 MW Turbine (120-m hub height)

Cut-in speed: 2.5 m/s
Rated power achieved: 13 to 17 m/s
Cut-out speed: >30 m/s
Figure 29. Power curve for Gamesa 4.5-MW turbine with a hub height of 120 m.

Looking first at Figures 27 and 28, the Weibull wind-speed distributions at a height of
80.m and the power curves for the two turbines with 80-m hub heights, it can be seen that a
particular turbine is sometimes slightly better suited to one extrapolated wind distribution versus
the other. For example, because the GE 1.5-MW turbine has a cut-out speed of only 20 m/s, it
loses a significant amount of electrical energy-generating potential at the high-wind-speed end of
the WAsP-derived Weibull distribution. This effect is much less pronounced with the powerlaw-derived distribution, which estimates wind speeds in excess of 20 m/s to be less frequent
than the WAsP method does. The GE turbine, therefore, can be expected to be somewhat better
suited to the power-law wind regime. Conversely, the Vestas 3.0-MW turbine, with its cut-out
speed of 25.m/s, can take full advantage of the highest wind speeds in the WAsP distribution,
and so it can be expected to perform better in the WAsP-estimated wind regime than in the
power-law-derived one. As for the 120-m hub height Gamesa 4.5-MW turbine, it would be
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expected to favor the power-law Weibull distribution in Figure 28 over the WAsP distribution
because the power law estimates somewhat greater wind-speed frequencies over the range at
which this turbine operates at its rated power, as shown in the power curve in Figure 29.
These expectations are confirmed in Table 14, which shows the annual energy yields (this
time in megawatt hours) for each of the three turbines using both WAsP and power-law data. As
previously, these yields were derived by integrating the wind-speed distribution over the
turbine’s power curve. Also shown for the two different wind regimes is each turbine’s capacity
factor, the measure of productivity obtained when the actual amount of energy generated is
divided by the maximum possible output given constant operation of the turbine at its full rated
power. In addition, the table includes the percentage of the college’s total annual electrical usage
that each of the estimated energy yields supplies.

Table 14. Energy yields in MWh calculated by integrating the WAsP and power-law wind-speed
distributions over the power curves for the GE 1.5 MW, Vestas 3.0 MW, and Gamesa 4.5 MW turbines.

Turbine
GE Wind
Energy
1.5MW
Vestas
3.0MW
Gamesa
4.5MW

Mean Wind
Speed at
Hub Height
(m/s)

WAsP Data
Annual
Capacity
Energy
Factor
Output
(%)
(MWh)

Percent
of Total
Usage
(%)

Mean Wind
Speed at
Hub Height
(m/s)

Power-Law Data
Annual
Capacity
Energy
Factor
Output
(%)
(MWh)

Percent
of Total
Usage
(%)

8.5

44.8

5895.8

39.3%

8.0

46.9

6165.3

41.1%

8.5

38.6

10142.7

67.6%

8.0

36.7

9659.1

64.4%

9.1

48.5

19149.8

127.7%

9.3

54.6

21546.9

143.6%

Probably the most important columns in Table 14 are the ones showing the percent of the
school’s total electrical energy needs that can be expected from each of these turbines based on
the available data. The GE 1.5-MW turbine, operating on average at roughly 46% of its
maximum capacity, yields somewhere between 5,900 and 6,200 MWh of electrical energy,
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which is about 40% of the college’s annual power consumption. The Vestas turbine, with twice
the rated power as the GE one, provides only about 65% more energy, partly because its swept
area is only 20% larger and partly because it is operating at a lower proportion of its maximum
capacity (38% versus 46%). This machine is expected to provide roughly 9,700 to 10,100 MWh
of energy yearly, which averages to about 66% of the school’s total needs. Finally, the Gamesa
4.5-MW turbine, which has 1.5 times the rated power as the Vestas and slightly over 2 times the
swept area, produces approximately twice as much energy and operates at an impressive 52% of
capacity on average. The estimated energy yields for it range from about 19,100 to 21,500 MWh
yearly, an amount that averages to 136% of the school’s total current usage.
Table 14 omits the lower mean annual wind speed data extrapolated by the logarithmic
method because this method is not an option in the WindPro software. However, an estimate of
annual energy output using logarithmic-derived values can still be calculated by multiplying the
wind’s energy density times the turbine’s swept area times a suitable energy conversion
efficiency factor (Gipe, 2004). This calculation was made conservatively for the Gamesa turbine
using a Weibull k parameter of 2.0 (the typical temperate-region Rayleigh distribution value) and
a very average conversion efficiency factor of 33% (Bansal et al., 2002; Gipe, 2004). Largely
because of the turbine’s huge swept area (12,868.m2), it still produces a little over 12,500 MWh
of energy yearly in this lighter wind regime, enough to supply 84% of the school’s total needs.
Because a large energy yield is very desirable, a closer look was taken at the Gamesa
turbine in order to assess the impact of such a big machine. One major concern is meeting the 1.5
x maximum tip height safety zone requirement, which in this case would have a radius of 276 m.
Figure 30 shows that this setback is easily met within the boundaries of the college’s arboretum.
The nearest neighbors to the turbine are a house 373 m to the northeast, a pumping station 473 m
to the southeast, a house 516 m to the south, and another house 452 m to the northwest.
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However, there are more factors than just a fall zone and an ice-throw perimeter to
consider in determining an adequate setback. Private residences not associated with the college
or its wind project will have other concerns, including visual impact and noise. The preliminary
GEC report (2006) estimated that appropriate spacing between turbines and residential properties
ranges from about 150 to 450 m depending on turbine size and the height and type of intervening
vegetation. All the distances to the proposed turbine’s nearest neighbors exceed this range except
for one, and that one is just 77 m short of the maximum spacing in GEC’s suggested guidelines.
Given that quite dense woodland separates the proposed turbine from all of its neighbors, this
distance to the closest neighbor might be sufficient.

Figure 30. Safety zone for a Gamesa 4.5-MW turbine (red circle with radius = 276 m),
showing that the 1.5 x MTH setback falls well within the boundaries of the college’s arboretum.

So as not to rely solely on general spacing guidelines, the WindPro software was used to
investigate several specific concerns of importance to turbine neighbors. One is the extent of
flicker from the turbine blades. Flicker is caused by the momentary but repeated creation of
shadows as a turbine’s rotating blades pass between the sun and the area where the shadows are
being cast. In the northern hemisphere these shadows move from west to north to east as the sun
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rises and sets. The rotating shadows can be disturbing in their own right to someone engaged in
an outdoor activity, but they also give rise to a flickering-light effect indoors when they pass
through a window (Wizelius, 2007). This issue is particularly significant during winter in higher
latitudes when the sun is low on the horizon and shadows are relatively long (Gipe, 2004). The
magnitude of flicker therefore varies with time of year. It also varies inversely with distance,
dissipating steadily due to optical effects as light passes through the atmosphere (Wizelius,
2007). The extent of flicker is partly a function of wind direction as well because the effect is
greatest when the blades of the turbine are perpendicular to the rays of the sun rather than at an
oblique angle to them. If the blades are directly parallel to the sun relative to the viewer, there is
no flicker at all (Gipe, 2004). Also, large objects intervening between the turbine and a neighbor
can substantially reduce or even eliminate flicker depending upon how solid those objects are.
The WindPro software greatly aids in analyzing the extent of flicker in a radius around a
proposed turbine. It calculates how many minutes a day and days each year a particular neighbor
at a specified distance and direction from the turbine will experience flicker. The program takes
into account the percentage of sunshine in the study area (known from historical meteorological
data), the distribution of wind directions in different months, and the estimated percentage of
time that the wind will be sufficiently strong for the turbine to be operating. Thus, the calculation
is for the projected actual flicker-shadow impact, although in some cases the estimate may be
somewhat greater than actual because the landscape between the turbine and the neighbor is
assumed to be completely open, which is not always true, as in the forested arboretum’s case.
Figure 31 is a map of the turbine area to a distance of roughly 1.5 km from the tower. It
shows the estimated number of hours of flicker a year that can be expected in each part of the
bowtie-shaped area affected by this phenomenon as the sun transits the sky. The color key is
shaded from pale to dark as the number of hours increases. All the pale blue areas, for example,
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(such as the triangular-shaped region directly south of the turbine) experience no shadow,
whereas those shaded in dark blue receive 4 hours a year. This amount of flicker is very minor,
as is the flicker duration colored in shades of green (ranging from 5 to 9 hours a year). Also
relatively small is the impact within the red zone (10 to 24 hours annually). It is the yellow zone
that is of most concern. However, yellow represents a very broad range, from 25 to 200 hours a
year. The high end of this range all falls within the arboretum, away from any houses. The low
end affects only one or two homes at the western end of Totoket Road, which extends east-west
off Williams Street. This area was analyzed individually, resulting in an estimated 37 hours and
41 minutes of flicker shadow annually between September 23 and March 20. Although the
periods of flicker are not evenly distributed over this time frame, the total averages out to only 12
to 13 minutes a day. Moreover, given that the houses in this neighborhood are all quite densely
surrounded by trees, including conifers, it is likely that the impact of flicker shadow may be
mitigated here, especially during the autumn months when the deciduous trees are in full foliage.

Figure 31. Flicker shadow (in hours per year) created by the Gamesa 4.5-MW turbine at its proposed site.

92

Of greater concern to neighbors may be possible noise from the turbine. With modern
direct-drive designs very little of the sound that a turbine emits is mechanical in origin, arising
from the gearbox, the generator, and other moving parts (Rogers et al., 2006). Typically, these
moving components create a major noise issue only when in need of maintenance or repair.
Thus, the sound of greatest concern with a wind turbine is the aerodynamic swishing caused by
the rotating blades. It is a broadband type of sound akin to other wind-created noises, such as the
sound of wind blowing through trees on a windy day (Wizelius, 2007).
The intensity of a turbine’s aerodynamic sound at any given neighboring site is measured
in units of decibel A (dBA). This unit entails a sound filter that eliminates sounds too high or too
low in frequency for humans to hear. Because the human ear does not respond in a linear fashion
to changes in sound pressure, the decibel scale is logarithmic. To give some perspective on it, a
very quiet library would typically register 30 dBA, rustling leaves 40 dBA, rainfall 50 dBA,
normal conversation 60 dBA, and average street traffic 85 dBA. For sounds emitted by a point
source, the decibel level varies inversely with distance from that source as the sound radiates
spherically. If the source is a wind turbine, the sound intensity also varies directly with wind
speed as the turbine blades rotate faster or slower (Rogers et al., 2006).
Taking both distance and wind speed into account, WindPro calculates the decibel level
expected at any given neighbor of a turbine. Other factors are also entered into the equation,
including the turbine’s hub height, the intensity of sound emitted at its rotor (based on the
manufacturer’s specified sound emission when the wind speed is 8 m/s at 10 m above ground
level and the surface roughness length is 0.05), a coefficient indicating the absorptive or
reflective qualities of the groundcover between the turbine and it neighbors, and a meteorological
coefficient that takes into account several atmospheric variables. This kind of analysis was done
for the Gamesa 4.5-MW turbine at the arboretum site. The results obtained when the wind speed
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is 8 m/s at a 10-m height are shown in Figure 32. This velocity extrapolates to a wind speed of
20 m/s at the turbine’s hub height when the power-law and logarithmic methods are averaged.
Figure 32 gives the decibel ranges experienced at various distances from the turbine. The
highest range (shown in green) is immediately surrounding the turbine. Although this range
extends from 55 to 100 dBA, the actual decibel level measured on the ground in this area would
be substantially lower than the 100 dBA peak, taking into account that the listener is 120 m in
vertical distance away from the turbine’s hub, where the emitted sound level is 116.3 dBA,
according to Gamesa’s specifications. Sounds no more than about 60 dBA are more in line with
what would be expected within the green-shaded area at the base of the turbine under these windspeed conditions. Moving out from this green area, the blue area predicts sounds of 50-54 dBA
intensity, the red estimates sounds in the 45-49 dBA range, the mottled red-orange region
indicates 40-44 dBA, and the yellow perimeter (appearing greenish-yellow because it is
superimposed on the green of the photo) designates a region of 35-39 dBA.

Figure 32. Decibel levels at various distances from the proposed turbine (wind is 8 m/s at a 10-m height).
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These decibel levels can be put into context by considering some of the sound limits
recommended in countries and states where such standards have been established. The limits
vary with the purpose for which a neighboring area is used (industrial, commercial, residential,
rural, recreational). Limits may also vary depending on time of day, with stricter standards being
established at night for residential neighbors. Typically, a percentage time frame is associated
with each limit, meaning the percentage of time (expressed as L%) that the noise level may not
exceed the designated limit. In Germany, for example, the noise limits for a turbine’s residential
neighbors are 55 dBA L90 by day and 40 dBA L90 by night. The pitch and rotational speed of the
turbine blades can be programmed to accommodate this lower nighttime requirement if needed
(Klug, 2002). Less strict turbine standards exist in other places, such as Minnesota, where sound
levels of 60 and 50 dBA cannot be exceeded in residential areas at least 50% of the time (L50)
during the daytime and nighttime hours respectively. There are also stricter requirements than the
German ones, such as the residential limits of 45 dBA in Denmark and only 40 dBA in Norway
and Sweden (Gipe, 2004; Rogers et al., 2006; Wizelius, 2007).
Although difficult to see in Figure 32, only one house northeast of the proposed
arboretum turbine falls right at the edge of the blue 50-54 dBA zone (one of the houses for which
flicker shadow was analyzed). The exact sound level predicted for this home is 49.9 dBA. This is
only 5 decibels above the fairly strict maximum set in Denmark, which on the decibel scale is a
difference in sound level that is just detectible (Rogers et al., 2006). Moreover, a wind speed of
8.m/s at a 10-m height (the benchmark being used to calculate the noise levels) is quite high for
this area. Velocities of this magnitude or greater occur no more than 15% of the time at
Connecticut College. As Table 15 shows, at the more common wind speed of 4 m/s, which is just
slightly more than the extrapolated mean velocity on campus at 10 m above ground level, the
sound emitted from the turbine would register only 45.9 dBA at the closest residential neighbor.
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This decibel level exceeds the Danish standard by an amount that is not perceptible to the human
ear. In addition, the house in question is largely upwind from the turbine when the breeze blows
from its most frequent direction, which is northerly about 39% of the time, especially at night.
This upwind location is another factor that would lessen any sound from the turbine because the
wind blowing against the sound waves would cause them to curve upward, thus effectively
reducing the distance that the sound travels near the ground in an upwind direction (Gipe, 2004).
Table 15. Noise levels at the proposed turbine’s closest residential neighbor
as a function of different wind speeds at 10 m above ground level.

Wind Speed at
10m Height
(m/s)
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0

Noise Level at
Closest House
(dBA)
45.9
46.9
47.9
48.9
49.9
50.9
51.9
52.9
53.9

The sound that a wind turbine creates must also be considered in the context of
surrounding sounds, or ambient noise. The British and French standards for allowable wind
turbine sound levels take this factor into account. An unacceptable level above the ambient
background starts at 3 dBA in France and at 5 dBA in Great Britain (Wizelius, 2007). To apply
this standard to the proposed arboretum turbine, decibel readings were taken at that turbine’s
closest residential neighbor during early evening (a very quiet time of day) when the wind speed
was close to zero. Under these low-noise conditions, the ambient background level was 50 dBA.
Thus, at the estimated mean wind speed of approximately 4 m/s at 10 m above ground level, the
sound level received from the turbine (45.9 dBA) at its closest neighbor would be lower than the
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ambient background and therefore not detectable (Danish Wind Industry Association, 2003).
Moreover, according to Table 15, as the wind speed escalated, the sound received from the
turbine would continue to stay below the threshold of human detection (>3 dBA above ambient)
even assuming that the ambient noise remained at 50 dBA, which it would not due to the
increasing sound of the wind itself. Only when the wind speed at a 10-m height is at 12 m/s does
the noise from the turbine at the closest house finally exceed 50 dBA by a perceptible amount.
However, this velocity extrapolates to 30 m/s at a 120.m hub height, which is the Gamesa
turbine’s cut-out wind speed. Also, the background noise from the wind under these blustery
conditions would be well above 50 dBA. Thus, based on this analysis, which would need further
testing, noise from the proposed turbine may not pose a major issue for its neighbors. Confidence
in this conclusion is further supported by the fact that the engineering of low-noise rotor blades
for wind turbines is continuing to advance quite rapidly (Romero-Sanz & Matesanz, 2008).
A final factor to consider is the visual impact that such a large turbine might have on its
neighbors. The visualization program in the WindPro software was again used to obtain an idea
of what this impact might be. Surprisingly given the 184-m maximum tip height of this very
large turbine’s blades (see the aerial rendering in Figure 33), WindPro showed it to be quite
shielded from the view of a person standing at the Williams Street entrance to the campus and
looking northwest across the school’s arboretum. Even during winter, with no foliage on the
deciduous trees, the turbine is hardly noticeable. In Figure 34 it is shown first in its normal offwhite color (top photo) and then in red (bottom photo) to help make it discernable. These photos
are taken at a distance of 1070 m to the southeast of the turbine site, and the trees obstructing the
turbine are approximately 15 m tall. It is the viewer’s eye level and sightline that creates this
shielding effect. During the months when the trees are in full foliage, the turbine may even be
entirely blocked from view at this location. From a higher elevation, of course, such as the top
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floor of Shain Library (rendered in Figure 35) this maximum-sized 4.5 MW turbine is much
more visible, but still not particularly intrusive even in winter. It remains to be seen how visible
it would be from other neighboring locations.

Figure 33. A computer rendering of the proposed Gamesa turbine superimposed on an aerial photo, showing
the turbine’s scale relative to the surrounding arboretum and neighboring houses.

Source: Bing maps
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Figure 34. Computer visualizations of the 4.5-MW Gamesa turbine as seen from the college’s Williams
Street gate (lower photo shows the turbine in red for clarity).
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Figure 35. A visualization of the Gamesa 4.5 MW turbine as seen from the top floor of Shain Library.

Measurement Problems and Uncertainties
The possibility of using wind power at Connecticut College seems promising given some
of this study’s results. When considering a turbine tall enough to reach a height where the wind
is reasonably strong, and given a rotor with a large diameter than can sweep a very big area, it
appears that a substantial amount of electrical energy might be generated on campus, perhaps
even enough to meet a large proportion of the college’s total annual needs. However, there is
much reason for caution before drawing any firm conclusions about wind-power feasibility at the
school. This is because assessing a site’s wind resources and estimating their annual energy
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output is an uncertain process at best (Lackner et al., 2008), and in this particular study a
significant amount of additional uncertainty was created due to various weaknesses inherent in
the measurement procedures.
A primary weakness was the low height of the anemometer mast. A mast only 5.8 m tall
did not raise the anemometer high enough to clear wind interference from tall buildings that
spanned every compass direction from south through west to north. As noted previously when
presenting the results, there were many occasions when the anemometer was completely still, yet
the flag on the nearby flagpole was flying at a large enough angle for the wind at its elevation
(approximately 15 m above ground level) to be at least 4 m/s. Even a mast height of 15 m would
still not have been sufficient for this particular site given the substantial turbulence that could be
expected to a distance above the rooftops of at least twice the building heights. That is why it is
recommended in the wind-power industry that research anemometers be placed at the future
turbine’s hub height if possible (Wolar, 2008). This placement not only avoids the measurement
uncertainties that obstructions to the wind introduce, it also avoids the often problematic task of
extrapolating to elevations above the anemometer. If data collection at hub height is impractical,
best practice suggests a mast no shorter than two-thirds of future hub height, which should at
least fall within the rotor’s swept area (MEASNET, 2009). Such a height has the advantage of
minimizing the vertical distance over which wind speeds must later be extrapolated. This is
beneficial because the magnitude of potential error increases directly with the extrapolation
distance (Wolar, 2008; Gardner, 2009; MEASNET, 2009). Thus, extrapolating from 5.8 m above
ground level to 35 m inevitably introduced some significant uncertainty, and this uncertainty was
compounded with subsequent extrapolations first to a height of 80 m and then to 120 m.
Having two anemometers at different heights on the mast would also have helped to
reduce extrapolation uncertainties. A separation of 20 m between the anemometers is considered
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sufficient for determining a wind shear exponent with reasonable accuracy. Even a third
anemometer is often used as an extra check on the calculation, although a mast of the height
needed for multiple anemometers would have introduced permitting issues. At least two separate
data loggers would have been valuable as well. These would have provided a backup system and
avoided some major losses of data that resulted in obtaining only 67% of the full year’s record.
A way around these anemometer-related problems would have been to use a SODAR
(sonic detection and ranging) unit to analyze the wind profile. A SODAR would have been able
to measure wind speeds at various heights above ground level (up to approximately 200 m),
while at the same time generating very valuable turbulence data (Pérez et al., 2005). SODAR
technology would have entirely eliminated the need for vertical extrapolation and all the
uncertainties it entails. Even the sophisticated WAsP approach to determining the vertical windshear gradient was subject to much uncertainty given the many unusually large obstacles to the
wind at the measurement site being used.
Additional uncertainty would have also been avoided if the anemometer mast had been
placed at an actual site of possible turbine construction (Bailey et al., 1997). Because the wind
profile at the chosen measurement site is not identical to the one near the south tennis courts,
which in turn differs from the one on the arboretum hilltop, this horizontal movement between
locations needs to be taken into account. In this study no attempt was made to extrapolate the
data horizontally. Instead, the wind stream was assumed to be reasonably similar across all three
locations. Since this assumption is questionable when sites have different surface roughness and
topography, it introduces further uncertainty into the calculated annual energy outputs.
There were also problems related to the measurement instruments used in this
investigation, including their placement on the mast, which gave rise to additional uncertainty in
the results. In general, the accuracy of cup anemometry can be affected quite significantly by the
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impact on the wind due to both the mast itself and any side booms on which instruments are
mounted (Orlando et al., 2011). The preferred location for the primary anemometer is at the top
of the mast, mounted on a separate vertical post that is tall enough to be clear of any wind
speedup or slowdown effects that the mast creates (Saba, 2002; King et al., 2005). In this study
the preferred siting was not used, and the anemometer was placed instead on a side boom.
Although the boom was probably an adequate length to minimize distorted wind flow coming
from the mast, the post on which the anemometer was mounted was likely too short to avoid
significant boom effects. The recommended height above the boom is 15 boom widths, and the
mounting used in this study fell well short of that standard. In addition, wind distortions caused
by the boom could have been reduced if the boom had been oriented either toward or away from
the prevailing wind direction rather than perpendicular to it as was done when the equipment was
installed (Pedersen, 2003). There was also a possible lightning rod sheltering effect at work
because the rod kept angling itself across the boom instead of remaining straight. Despite its thin
profile, a lightning rod is capable of causing a greater distortion to the wind stream than a wind
vane is if it is not positioned carefully (Saba, 2002).
Lack of an individual anemometer calibration may also have introduced some error in
this study (Coquilla & Obermeier, 2007). The accuracy of the anemometer specified by its
manufacturer (within 0.1 m/s for the range 5 to 25 m/s) was statistically based on samples of
these instruments. As a result, it was not known what amount of systematic error, if any, was
produced by this particular anemometer. Had several anemometers been used to collect data, the
degree of bias in the primary one might have been approximated (Lackner et al., 2008), but in
this case only one anemometer was employed. Best practice recommends not only an initial
calibration of each anemometer against an instrument known to be unbiased, but also a
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recalibration at the end of the project to determine if the anemometers retained their accuracy
throughout the study period (MEASNET, 2009).
The Loss and Uncertainty module of WindPro was used to try to quantify all the major
uncertainties that might affect this study’s annual energy output (AEO) estimates. WindPro’s
guidelines for estimating uncertainties in various categories were followed. Table 16 summarizes
WindPro’s recommended uncertainty values, the percent values that were chosen, and the
adjusted percentages based on where in the AEO calculation the uncertainty occurred. A total
AEO uncertainty was then determined by inputting these adjusted percentages into equation 24.

Table 16. Percent uncertainties in eight categories and their rationale.

WindPro
Suggested Value or
Range

% Value
Chosen

% Applied to AEO

5-10%

7%

8.18%

1-3%

3%

3.51%

Year-to-Year Variability

6%

6%

7.01%

Future Climate Change

1-3%

3%

3.51%

Vertical Extrapolation
Error
Horizontal Extrapolation
Error

1% for each 10 m
extrapolated
1.5 % per km in
complex terrain
Relatively high % if
roughness in doubt

12%

14.03%

5%

5.85%

10%

11.69%

4%

4.00%

Uncertainty Category
Measurement Equipment
and Setup
Long-term Data
Adjustment

Terrain Uncertainty
Power Curve Uncertainty

3-5%

Rationale
Multiple issues of instrument
setup and reliability
Only 7 years of long-term
reference data
Actual and long-termadjusted data differ
High end of recommendation
Too few anemometers at
appropriate heights
Despite very complex terrain,
mast not at the actual site
Roughness length difficult to
assess accurately
Midpoint of recommendation

The highest uncertainty value (12%) was assigned to vertically extrapolating the
measured data to determine the wind-shear gradient. The difficulty of making this extrapolation
is widely recognized (Elkinton et al., 2006; Ray et al., 2006; Lubitz, 2006, 2009; Lackner et al.,
2010). Because only one anemometer was used at a very low mast height, the uncertainty level
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was especially great, as reflected in the different results obtained using the logarithmic, powerlaw, and WAsP methods. Less uncertainty (5%) was assigned to horizontal extrapolation because
the measurement site and the proposed turbine site were relatively close to one another and not
entirely dissimilar. The terrain uncertainty category was also given a relatively high uncertainty
value (10%) largely because, with no reliable wind-shear gradient to judge from, determining the
correct roughness value for the terrain became partly a process of making educated guesses. The
category of measurement equipment and setup received a relatively high value as well (7%) due
to the lack of anemometer calibration and instrument placement issues previously described. The
category of year-to-year variability was assigned WindPro’s recommended uncertainty value of
6%. There is a good chance that, over the 20 or more years that a future wind turbine would be in
operation, wind conditions could differ somewhat from the long-term wind distribution that was
calculated on the basis of single-year samples that lacked a perfect correlation (Rogers et. al.,
2005b). An additional 3% uncertainty was also added for the likelihood of future climate change
during the life span of a turbine (Petersen et al., 1998a), in this case choosing the high end of the
WindPro recommended range. Long-term data adjustment was also assigned a 3% uncertainty
given the comparatively small number of years for which reliable airport reference data were
available. Finally, there is a power-curve uncertainty when estimating annual energy outputs
even with power curves from leading manufacturers. A midpoint in WindPro’s 3 to 5%
recommended range was therefore selected. When the collective impact of all these uncertainties
affecting AEO was calculated, the overall estimated uncertainty was 22.90%.
Table 17 applies a number of different overall uncertainty values to the annual energy
output previously estimated for the Gamesa 4.5-MW turbine. Both the WAsP-derived data and
the power-law-derived data are included. This is a worst-case analysis in that the percent
uncertainty is always assumed to diminish the initial estimate, not increase it. The table shows
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that, even with a 23% level of uncertainty, this turbine still appears to be capable of meeting the
energy needs of the school. It takes somewhere between a 25 and 35% error before the average
of the estimated energy yields using WAsP and power-law data drops to 95% of the college’s
total annual (15000 MW) electrical energy usage. If the less favorable wind regime extrapolated
by the logarithmic method is used instead, a 23% error would mean that 65% of the school’s
electrical power needs were still being met by this turbine. However, an error this large in a
negative direction is not very likely with the logarithmic method because its wind-speed
estimates were relatively low to begin with.

Table 17. Estimated energy yields from a Gamesa 4.5-MW turbine with various uncertainty values applied.

Annual Energy
Output (MWh)

Annual Energy Output with Percent Uncertainty Deducted
5%

10%

15%

20%

23%

25%

30%

14362.4

13404.7

95.7%

89.4%

WAsP Data

19149.8

18192.3

17234.8

16277.3 15319.8 14745.3

Percent of College
Needs (WAsP)

127.7%

121.3%

114.9%

108.5%

Power-Law Data

21546.9

20469.6

19392.2

18314.9 17237.5 16591.1

16160.2

15082.8

Percent of College
Needs (Power Law)

143.6%

136.5%

129.3%

122.1%

107.7%

100.6%

102.1%

114.9%

98.3%

110.6%

Of course, not all the potential error in a wind-power study has yet been taken into
account. There are many issues related to the actual performance of a turbine that could cause it
to produce less electrical energy than expected. Maintenance of the turbine might require more
downtime than anticipated, or the performance of the blades could be lowered more than
expected due to icing in winter. There are also possible output losses due to degradation of
mechanical parts before a repair can be made. It could even be that in certain high-wind
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conditions the rotor’s rotational speed is deliberately slowed to reduce emitted noise heard by
neighbors. All these issues and others like them affect electrical energy production to some
degree. At the same time, there are also losses on the delivery side of any gross amount of
electrical energy that a wind turbine produces, such as energy losses in the cables that connect
the turbine to the loads.
Nevertheless, at a high enough height above ground level and given a large enough rotor
to capture it, the wind resource at Connecticut College seems adequate to at least further consider
the possibility of a commercial-sized wind-power project. The turbines investigated need not be
as large as the Gamesa 4.5 MW option. This turbine was chosen for a more in-depth analysis
simply because it represents the maximum possible energy yield from wind resources on campus
coupled with the worst-case scenario in terms of noise and visual impact.

Additional Research Required
More research would have to be conducted to determine if a wind turbine is truly suitable
for the college. For one thing, in the current study sizeable differences existed in the extrapolated
mean annual wind speeds (first those extrapolated to 35 m and then those to 80 and 120 m)
depending upon the methodology used. At a 120-m hub height, the WAsP and power-law
methods produced very similar means (9.1 and 9.3 m/s respectively), but the logarithmic model
yielded a value about 28% lower (6.6 m/s). Only additional research can determine which of
these values (approximately 9.2 versus 6.6 m/s) is a more accurate annual wind-speed mean at
such a high distance above ground level.
Studies already conducted can help shed some light on this issue. For example, in one
recent investigation (Walls et al., 2010), SODAR data from 111 different locations, representing
a range of different terrains (from flat, to hilly, to forested, to coastal) were used to compare the
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accuracy of the logarithmic versus the power-law methods of extrapolating wind speed from 60
to 80 m above ground level. First, a wind-shear exponent and a roughness length were calculated
based on the data at 40 and 60 m elevations, and then these factors were used in the two
equations being tested to determine the estimated wind speed at a height of 80 m. Wind-speed
distributions at an 80-m height were also determined, and the data were used to calculate annual
energy outputs given the power curve for a GE 1.5-MW wind turbine. These energy outputs
were compared to the outputs determined using the actual measured wind speeds at the same
80.m height. The results showed that the two extrapolation methods were both quite accurate in
very flat, simple terrains, with a mean error of 0.4% for the power-law method and -0.6% for the
logarithmic one. However, in hilly and forested terrains the mean percent error was significantly
higher, especially for the power-law equation when extrapolating over the high surface
roughness of a forest. There were also large standard deviations and therefore sizable percent
uncertainties when estimating vertical wind-speed gradients under these more complex
conditions. These findings suggest that, at a site like Connecticut College, where both the
topography and ground cover are far from simple, the more conservative logarithmic-model
wind-energy estimates are associated with a higher confidence level. Moreover, direct
measurement of the wind profile at hub height would have been a much more accurate way to
determine the wind resources available than any of the vertical extrapolation methods so far
developed. This is especially true given that the wind data currently collected on campus require
extremely large extrapolations (from 5.8 m to 80 or 120 m) when large commercial-sized
turbines are being considered.
Given the cost and difficulty of erecting a meteorological tower at a height of 80 or
120.m above ground level, SODAR measurement of the wind resource is by far the easier
method of obtaining the data desired (Lackner & Manwell, 2007; Lackner et al., 2010). SODAR
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provides a comprehensive wind profile up to an elevation of 200 m, which is taller than the
maximum tip height of the Gamesa 4.5-MW turbine. These units are compact and easily
transported, even to a wooded area like the one in the arboretum. From delivery to startup takes
no more than a few hours. Being solar-powered, SODAR units require no electrical connection,
and their high mechanical reliability and operational uptime enable them to be left unattended for
long periods (Vogt & Thomas, 1995). A large clearing where the Bolles family farmhouse once
stood, within 160 m of the proposed turbine site (elevation: 70.0 m above mean sea level), would
be a suitable site for a SODAR unit. Very likely some part of this clearing could be found where
the unit would not disturb any important wildlife species in the area. Data from SODAR are
made available through satellite Internet access and can be downloaded in .csv format for use in
wind-analysis software such as WindPro.
The accuracy of the SODAR technology compared with an anemometer and wind vane
has been shown repeatedly dating back some 20 years (Thomas & Vogt, 1993). One recent 3month-long Dutch study comparing measurements from a Triton Sonic Wind Profiler against
those from a well-equipped meteorological mast obtained results very favorable to SODAR
(Verhoef et al., 2009). The unit’s operational uptime was nearly 99%, and it produced high
percentages of usable data after quality-control screening. The SODAR versus tower
measurements for both wind speed and wind direction had correlation coefficients greater than
0.97 regardless of height being tested. Although at 60 m above ground level the turbulence
intensity measured by SODAR was somewhat less than that measured at the mast, at 100 m the
two values were quite comparable. The U.S. National Renewable Energy Laboratory conducted
a similar study in Texas, this one over a 6.5-month period (Scott et al., 2010). The results were
much the same, with an operational uptime of 98%, high percentages of valid data after filtering,
and excellent correlations between SODAR and mast measurements (r = >0.98 for wind speed
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and 0.99 for wind direction). The turbulence intensity values again differed (0.100 measured by
SODAR at 80 m versus 0.132 measured at the mast), but the SODAR measurement was
consistent with the known average Great Plains value, suggesting that it may have been the more
accurate of the two. Thus, a Triton Sonic Wind Profiler appears to be a valid stand-alone method
of assessing wind resources, especially when considering a hub height too tall to be monitored by
a reasonably priced meteorological tower.
Various aspects of the data obtained via SODAR would be especially important because
the proposed turbine site is a wooded one. Compared with a completely open area where wind
turbines are more typically built, a forest has several potential drawbacks (Gardiner, 2004). It can
slow wind speeds, especially when trees are in full foliage, and it can also possibly interfere with
hill-acceleration effects (Cao & Tamura, 2006). In addition, intensified air turbulence above the
treetops can be expected, which may distort the wind-shear profile (Lopes da Costa et al., 2006).
This last factor can affect the load distribution on a turbine’s blades and consequently its
performance. When considering a wooded location, it is therefore essential to know the windshear gradient across the entire vertical span of the rotor, and SODAR provides this information
(Nielsen & Stiesdal, 2004; Roger et al., 2005c). Based on one study, the effects of trees will
likely be felt to a vertical distance up to 4 times their height (Stuart, 2004). With a canopy
roughly 10 m tall in the area of arboretum being considered, this would put the major effects up
to a height of 50.m above ground level, which is 6 m below the lowest height to which the blades
of the Gamesa 4.5.MW turbine sweep. However, all these issues would have to be explored and
very well understood before committing to any wind turbine project at the proposed location.
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SUMMARY AND CONCLUSIONS
This study was conducted to augment the preliminary findings of the Global Energy
Concepts report (GEC, 2006), which explored the possibility of using wind power at Connecticut
College. That report was not optimistic about the likelihood of obtaining a significant amount of
electrical energy from the wind resources on campus. Based on modeled wind values available
for the New England region and using long-term meteorological data from the nearby GrotonNew London Airport, GEC concluded that the mean annual wind speed at the college was
approximately 4.9 m/s at a turbine hub height of 35 m. Because GEC assumed that the campus
could not accommodate a wind turbine with a rated power larger than 100 kW, it calculated that
wind of this average strength could supply no more than a tiny fraction of the 15000.MWh of
electrical power that the Connecticut College community uses annually.
The current investigation began with the hypothesis that GEC underestimated the mean
annual wind speed at the college by some 5 to 10% (0.2 to 0.5 m/s) because it based its
calculations on a modeled wind map that had too coarse a resolution to take into account windenhancing effects due to the school’s hilltop location. These include the wind acceleration that
occurs as the wind stream climbs a gradually inclined slope. They may also include avoidance of
stagnant air accompanying temperature inversions that periodically affect lower-lying sites in the
region, including Groton-New London Airport. Such small percentage differences in mean
annual wind speed can make much larger differences in the power density of the wind because
mean velocity is cubed in the equation that is used to calculate wind power.
It was further hypothesized that a favorable wind-speed distribution at the college (one
with speeds significantly greater than average at certain times of day and seasons of the year)
would also help to enhance the wind’s power density. The GEC report seems to have assumed a
Weibull distribution with a k parameter of 2.0, considered average for most sites in temperate
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climates. However, because of the college’s proximity to the coast, which can increase windspeed variations via thermally induced circulations as land and sea heat differently (Lange et al.,
2004; Burton et al., 2001), the current study predicted a Weibull k parameter of 1.85, about 7 to
8% below the 2.0 value. If the mean annual wind speed was 5.25 m/s, the midpoint of the
hypothesized range, this k parameter would yield a power density of about 180-185 W/m2 a year,
as opposed to 170 W/m2 annually given a more typical temperate-region wind-speed distribution.
In support of this study’s hypothesis regarding mean annual wind speed at the college, it
was found that the mean at a height of 35 m is likely to be at least the predicted 5.2 m/s and may
even be as great as 5.9 to 7.5 m/s. To arrive at these more favorable mean wind-speed estimates,
the anemometer data collected on campus was first adjusted for long-term representativeness
using appropriate reference data and then extrapolated to the desired hub height by means of
three widely-used methods: the logarithmic model, the power-law equation, and WAsP (the
Wind Atlas Analysis and Application Program). Although the comparative accuracy of these
methods can be debated, especially when applied to wind over complex terrain, the overall
results still suggest that GEC’s mean wind-speed estimate was too conservative for the site. The
current study also gathered evidence, based on the WAsP wind-resource assessment, that the
hypothesized hill-acceleration effect is likely one of the factors helping to boost the mean wind
speed on campus above the GEC estimate, especially when the wind is from the southwest.
At the same time, independent of the mean wind speed, the wind velocity distribution at
Connecticut College appears to be more favorable than a Weibull k parameter of 2.0. Weibull k
parameters in the range of 1.5 to 1.7 were calculated using data extrapolated by the power law
and WAsP. Even if these estimates are somewhat lower than the true k value, they still suggest
that the power of the wind is probably being augmented by virtue of significant variability in the
wind-speed distribution. In support of this study’s second hypothesis, therefore, a Weibull k
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parameter of 1.85 appears to be a reasonable estimate. Even with a mean annual wind speed
equal to the GEC estimate, this favorable shape parameter for the wind-speed distribution would
still help to create more wind-power density than GEC expected, somewhere in the range of
150.W/m2 yearly, or some 7% higher than with a k parameter of 2.0.
Based on this more favorable picture of wind resources at the college, a 100-kW wind
turbine at a hub height of 35 m was investigated to determine how much more electrical power it
might generate than GEC’s estimate for a similar machine. The result was 2 to 5 times the annual
kilowatt hours, but this amount still met only about 1.5 to 2% of the school’s total annual
electricity needs depending on whether power-law or WAsP data were used. The option of a
600-kW turbine with the same hub height was therefore considered. Although the results
suggested it might be capable of producing between 7 and 11% of the college’s yearly electrical
usage, it had major drawbacks if sited at the southern end of campus where a small amount of
open land is available. Not only would it have an intrusive visual impact looking south across
Tempel Green, but the air turbulence created from tall buildings nearby would likely increase its
maintenance costs significantly and perhaps even shorten its life span.
A larger turbine at high elevation in the school’s arboretum appeared to be a more
promising possibility. Three options in this category were explored – 1.5, 3.0, and 4.5 MW.
Assessments based again on both WAsP and power-law data suggested that these turbines could
meet, on average, about 40, 65, and 135% respectively of the college’s total annual electrical
requirements. Assuming fairly large uncertainties in these calculations, the 4.5-MW turbine was
explored in more depth. An error level of more than 25% was needed before its energy output
was less than the school’s total yearly needs based on an average of WAsP and power-law
estimates. If the more conservative logarithmic-model data were used instead, this turbine could
still supply an estimated 84% of the college’s electrical usage.
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The 4.5-MW turbine was also investigated for the impact on surrounding neighbors that
such a large machine (hub height 120 m; rotor diameter 128 m) would have. It was found that,
because of the hundreds of acres of undeveloped land that the arboretum spans, the effects on
neighbors would not be as great as might be expected. The closest house to the proposed turbine
site was 373 m away, well within the 276 m safety zone radius and only 77 m short of the 450 m
maximum spacing that GEC recommended for very large turbines. Although the turbine would
be visible from this home during winter, it would be much more shielded by foliage at other
times of year. At worst, this neighbor would receive about 37 hours of flicker shadow yearly,
which averages out to less than 15 minutes a day. Aerodynamic sound levels from the turbine at
this same nearest neighbor would also be at or very close to standards set in all but the strictest
European countries. As for this turbine’s impact on campus, the WindPro visualization software
showed it to be barely discernible through deciduous trees in winter at the Williams Street gate to
the college and not particularly intrusive even from the top floor of Shain Library. An alternative
turbine option of 80 m tall (with a height and rotor approximately two-thirds the size) would
have a significantly lower impact as judged by all these criteria.
Because of the uncertainty levels associated with methodological issues, especially in
data collection, the wind resources at the college would have to be remeasured, this time
specifically at the proposed turbine site. The use of SODAR would be the easiest and most costeffective way to accomplish this goal. SODAR produces a wind-speed profile to a height of
200.m with no extrapolation needed, and data on wind direction and turbulence intensity are
provided as well, the latter being especially important when studying wind flow over forested
terrain. Given the widely accepted validity of SODAR as a tool for wind analysis, this
methodology would offer Connecticut College the information needed to very accurately assess
the feasibility of wind power as an alternative energy source for the school.
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APPENDIX: ESTIMATED ANNUAL ENERGY OUTPUTS
Turbine

Wind Speed at Hub Height (m/s)

Annual Energy Output (MWh)

5.53
8411
5.88
9739
6.25
11172
6.64
12691
7.05
14277
7.49
15906
7.96
17551
Make: Gamesa
8.46
19183
Rated Power: 4.5 MW
8.99
20775
Hub Height: 120.0 m
9.55
22297
10.14
23721
10.78
25018
11.45
26.161
12.17
27120
12.93
27871
13.73
28391
5.10
3536
5.37
4084
5.66
4685
5.97
5338
6.29
6041
6.63
6788
6.98
7574
Make: Vestas
7.36
8392
Rated Power: 3.0 MW
7.76
9233
Hub Height: 80.0 m
8.18
10087
8.62
10940
9.08
11780
9.57
12590
10.09
13353
10.63
14053
11.20
14673
5.10
2697
5.37
3063
5.66
3450
5.97
3856
6.29
4275
6.63
4703
6.98
5133
Make: General Electric
7.36
5558
Rated Power: 1.5 MW
7.76
5968
Hub Height: 80.0 m
8.18
6356
8.62
6711
9.08
7027
9.57
7294
10.09
7508
10.63
7663
11.20
7758
Note: Weibull distribution and its k parameter derived from power-law extrapolated wind speeds.
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